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General Introduction

This comprehensive research endeavor delves into the captivating realm of molecular
materials, with a particular focus on two distinct areas — spin crossover (SCO) phenomena and
corrosion inhibition. These fields, while seemingly disparate, share a common thread — the ability
to manipulate and exploit molecular properties to achieve desired functionalities, paving the way

for innovative technological advancements that transcend traditional boundaries.

SCO compounds possess a remarkable characteristic — the ability to undergo a reversible
transition between low-spin and high-spin electronic configurations in response to external stimuli
such as temperature, light, pressure, or the application of electromagnetic fields [1]. This switching
behavior, often accompanied by dramatic changes in the compound's physical properties, including
color, magnetism, conductivity, and structural parameters, has garnered significant attention for its
potential applications in a wide array of fields, including data storage, display technologies,
molecular electronics, spintronics, and sensors [2]. The prospect of harnessing these materials for
the development of novel switchable devices, capable of adapting their properties on demand, has
fueled intensive research efforts worldwide, driving the exploration of new synthetic routes,
characterization techniques, and theoretical frameworks to deepen our understanding of these

captivating systems.

However, despite the immense potential of SCO materials, several challenges related to
solubility, long-term stability, and the preservation of the SCO behavior under ambient conditions
have hindered the realization of practical devices based on these compounds [3]. Factors such as
structural distortions, cooperative effects, and the influence of intermolecular interactions on the
spin transition process have necessitated further exploration and innovative solutions to overcome

these hurdles, paving the way for the development of robust and reliable SCO-based technologies.

On the other hand, corrosion, a ubiquitous phenomenon characterized by the degradation of
materials due to chemical reactions with their environment, poses a significant economic and
safety challenge across various industries, including oil and gas, construction, transportation, and
infrastructure. The detrimental effects of corrosion not only result in substantial financial losses
but also raise serious concerns regarding structural integrity, environmental impact, and potential

hazards to human health and safety. Organic corrosion inhibitors have emerged as a powerful
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strategy to combat this pervasive issue, offering a cost-effective and environmentally friendly

approach to mitigate the corrosion of metallic structures [4].

By adsorbing onto metal surfaces, these organic molecules form protective barriers that impede
the corrosion process, effectively extending the lifespan of metallic structures and reducing the
need for frequent maintenance or replacement. Understanding the intricate relationships between
the molecular structure, electronic properties, and corrosion inhibition performance of these
organic compounds is crucial for designing effective and eco-friendly corrosion protection

strategies tailored to specific industrial applications and environmental conditions.

The thesis is structured into four comprehensive chapters, each addressing a specific aspect of

this multifaceted research endeavor:

Chapter 1 lays the groundwork by providing an in-depth discussion of the fundamental principles
governing SCO phenomena and corrosion inhibition processes. This chapter establishes the
theoretical framework and contextual background necessary for the subsequent investigations,

ensuring a comprehensive understanding of the underlying concepts and their significance.

Chapter 2 delves into the diverse array of experimental methods employed for synthesizing and
characterizing the studied materials. This chapter emphasizes the paramount importance of
meticulous synthesis procedures and comprehensive characterization techniques in unraveling the
structure and properties of the resulting compounds. Detailed descriptions of the analytical
techniques, including spectroscopic, diffraction, and electrochemical methods, are provided,
ensuring a thorough understanding of the experimental approaches and their applications in the

context of this research.

Chapter 3 investigates the effectiveness of triazole-based organic molecules as corrosion inhibitors
for carbon steel in acidic environments. Through a systematic exploration of the impact of inhibitor
concentration and temperature on corrosion inhibition efficiency, this chapter reveals valuable

insights into the adsorption behavior and protective mechanisms of these molecules.

Chapter 4 consists of research work carried out on the molecular magnetism of binuclear
complexes bearing 1,2,4-triazole-based Schiff base ligands. Following a presentation of molecular
magnetism and 'single-molecule magnets' based on a bibliographic review, it presents the synthesis

and study of new binuclear complexes and coordination polymers of Cobalt (II), Iron (II), Nickel
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(IT), and Copper (II) using X-ray diffraction crystallography on single crystals and measurements
by SQUID magnetometer. The studies of these complexes are followed by a presentation of their

magneto-structural relationships, put into perspective with all the binuclear complexes studied.
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Chapter 1
| Literature Review

In this chapter, we provide an introduction to the phenomena of spin crossover complexes
and corrosion inhibitors. The chapter is divided into two main parts. In Part One, we present the
basic concepts and a general description of the spin crossover phenomenon. First, we provide
background on spin states in transition metal complexes and the thermodynamics governing spin
crossover transitions. Next, we discuss examples of spin crossover systems, from early discovery
in simple mononuclear complexes, to contemporary examples of single molecule and single ion
magnets that display hysteresis and magnetic bistability. We also briefly describe potential
applications of spin crossover materials in molecular electronics, sensing, actuators, displays,
and data recording and storage. In the second Part, we cover the basics of corrosion inhibitors.
Corrosion inhibitors are compounds that decrease the rate of corrosion reactions when added in
small concentrations to corrodible metals and alloys. We first explain common mechanisms of
corrosion inhibition through adsorption onto metal surfaces. We then discuss major classes of
inhibitors including organic heterocyclic compounds, amines and condensation products. Finally,

we provide examples of corrosion inhibitors for steels in acidic environments.

1.1 Spin crossover phenomenon

I.1.1 History and Foundation of Spin Crossover Complexes

The phenomenon of spin crossover in transition metal complexes was first discovered in
1931 by Cambi et al. through investigating temperature-dependent magnetic properties in a
series of Fe(IIl) compounds based on dithiocarbamate ligand [1]. However, at the time there
were only speculations about possible explanations for the strange thermal dependency they
observed. It was not until 1956 that the notion of spin equilibrium was hypothesized by Griffith
to potentially account for the magnetic phenomena he measured [2]. The first direct
characterization of a thermal spin transition occurring in the solid state was seen in 1964 with the
landmark paper from Baker and Bobonich on iron(II) complex [Fe(phen)2(NCS)2] [3]. That same
year, Ewald et all, formally introduced the overarching “spin crossover” terminology [4].
Through application of ligand field theory, they detailed that the transitions between low-spin
(LS) and high-spin (HS) electronic states can occur in complexes when the ligand field energy is
comparable to the average energy of electron pairing in the 3d orbitals of the metal center. These

breakthroughs spawned intensive investigations on an array of transition metal ions with
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electronic configurations 3d*-3d’, extending beyond just iron(Il) including Fe(III), Co(II),
Co(IIT), Mn(Il), Mn(IIT), and Cr(I) [5-11]. Since then, investigation of spin-crossover has
developed into a thriving field intersecting coordination chemistry, magnetism, and materials
science due to the fundamental revelations and possibilities for stimuli-responsive applications.
Figure 1 illustrates the potential electronic configurations within octahedral geometries (crystal

field) for both HS and LS states of these metal ions.

JT-active

HS state :0*+_ ; ++ _'__'_ ++ o
ST

JT-active
A

: - +_
“P%+++H%F%%%%%%%

(ol and Mn3+ MnZ* and Fe¥* FeZ* and ‘Z:o:H (It:i2+

Figure 1.1 depicts the crystal field splitting in octahedral environments and the electron filling
diagram for HS and LS states in metal complexes with d* to d” electron configurations. The
framed box highlights electronic configurations characterized by significant Jahn-Teller (JT)

distortions [12].

I.1.2 Relevant Theories and Frameworks

Foundational theories including ligand field theory, crystal field theory, and molecular orbital
diagrams provide the underpinning description for interpreting spin state energetics and
transitions in transition metal complexes [13]. As Halcrow details, these frameworks model the
electronic structure perturbations leading to spin state changes using descriptions of d-orbital
splitting patterns and electron configurations [14]. Specifically, the covalent bonding between the
transition metal center and donor ligands determines the relative spacing and energies of
antibonding eg and bonding t levels, which dictates spin crossover propensity. The occupancies
and multiplicity possibilities then yield different spin states. Structural changes and strains in the
ligand coordination environment geometry as well as coupling to lattice vibrations (phonons)
have been shown to influence spin-state interconversions and contribute to cooperative effects

[14-15]. However deeper investigations into quantifying such vibrationally-coupled spin state

7|Page



Chapter 1
| Literature Review

mechanisms remain vital. Thermodynamic models have also been critical for elucidating
entropy-enthalpy compensations along with quantifying cooperativity and elastic interactions

that globally impact spin transition behavior in extended networks [16].

1.1.2.1 Crystal Field Theory and Ligand Field Theory

The understanding of spin crossover complexes begins with Crystal Field Theory (CFT) and
the more advanced Ligand Field Theory (LFT) which provide important conceptual frameworks
for understanding spin state energetics and spin crossover behavior in transition metal
complexes. CFT, first developed by the physicist Hans Bethe in 1929, uses an electrostatic
approximation to model the field imparted by ligands as an array of negative point charges that
splits the originally degenerate d-orbital energy levels [17-18]. The symmetry of the coordinating
ligands determines specific splitting patterns, octahedral complexes exhibit a low-energy tg

triplet set (dxy, dxz, dyz) and a higher-energy eg doublet set (d,z, dyz_,2).

Negative charges fion
distributed uniformly P :3' Negative charges

over surface of a sphere o % located at vertices

Q\‘: “® of an octahedron

Metal cation,
M 25

? i 4
e 5 2 o. 2 e
4 ° o ° °
é . P4
de2_y d,» d,,
e, orbitals go up in energy by %-_\O 1,4 Orbitals go down in energy by %Ao

Figure 1.2 illustrates how the symmetry of the crystal field affects the energy levels of the metal
cation. However, in an octahedral complex with ligands or point charges located at the six
vertices, the 3d orbital degeneracy is broken. The d,z_,2 and d,z orbitals point their electron
density directly towards the ligands, feeling greater repulsion and destabilization to higher

energies. In contrast, the dxy, dyz and dx. orbitals orient between the ligand axes, feeling less
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repulsion and becoming stabilized at lower energies. This splitting between the "eg" and "t2¢" sets

of orbitals is denoted Ao.

The energy difference between them is denoted as Ao or 10Dq, which depends on properties
of both the metal and ligands. However, CFT has limited quantitative accuracy since it treats
metal-ligand interactions as purely electrostatic. On the other hand, LFT, introduced by van
Vleck in 1935, builds on CFT by also incorporating metal-ligand covalent bonding into the
model, specifically between metal d and ligand p orbitals [19]. The key aspect for spin crossover
behavior is that LFT accounts for how ligand identity influences the energies/splitting of tag vs eg
sets of d orbitals, which determines relative stabilization of high spin vs low spin states. For an
octahedral complex with a metal ion like Fe(Il), In the absence of ligands, the energy levels of a
free ion are degenerate. Similarly, the presence of a spherically symmetric electrostatic potential
globally shifts the energy spectrum by AE, However, it does not lift the degeneracy since no one
of the five 3d orbitals is favored over the others, The energy levels of these orbitals can be
expressed as Esph = Efree + AE, where Efeee represents the energy of the free or isolated ion,
(Fig.1.2). In an octahedral complex of the metal ion with six coordinated ligands, this spherical
symmetry is broken. The d orbitals split into a lower energy level tag consisting of the
degenerated orbitals (dxy, dyz, dxz) and a higher energy level eg with the degenerated orbitals (d,z,

dy2_y2). Where the energy levels equation is given for each of them, respectively, Et,,= Esph —

%Ao and E, eg = Esph + %Ao, where Ao is the energy difference between these two levels.

E strong ligand field weak ligand field

ST

low spin (LS) high spin (HS)
1Alg Sng

Figure 1.3 depicts the electronic configurations of the LS and HS states for an Fe(II) ion within

an octahedral ligand field.
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When Ao is small compared to the electron pairing energy (weak ligand field case), Hund's
rule dictates maximum multiplicity with one electron in each d orbital first, giving an S=2 HS
state denoted by the spectroscopic term >Tag for Fe(II) ion. Conversely, for a strong ligand field
with large Ao, the electrons instead fully occupy the lower tog levels first before pairing in the eg
levels. This minimizes energy but violates Hund's rule, leading to the LS state with S=0 denoted
'Alg in spectroscopic terms (Fig.I.3). So by tuning the ligand field splitting Ao via judicious
ligand choice, the spin state preference can be manipulated, resulting in spin crossover abilities
under certain conditions. While qualitative, ligand field theory offers a framework for

rationalizing spin crossover tendencies.
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Figure 1.4 Tanabe-Sugano diagram for a d° octahedral system showing the energy of the
electronic states as a function of ligand field strength in units of the Racah parameter (electronic

repulsion B).

The Tanabe-Sugano diagram is a useful tool for understanding the electronic structure and
spin states of transition metal complexes. The diagram plots the energy of the spectroscopic
terms for a transition metal ion as a function of the ligand field strength Ao in an octahedral
coordination environment. Specifically, for a d° metal ion, the Tanabe-Sugano diagram (Fig.1.4)
shows the relative energies of the HS T2, and LS A, states. In the free ion, the ground state as

dictated by Hund's rules is the °D term. Under the influence of an octahedral ligand field, this °D
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state splits into the previously mentioned >T2g and 'Ag states. At very small ligand field strengths
(Ao<< II, where II is the electron pairing energy), the high-spin T state remains the ground
state. As Ao increases and approaches ~I1, there is a crossover point Acrit, where the low-spin 'Aig
state becomes energetically favorable and stabilizes as the ground state when (Ao > I1). In this
way, we can conclude that the spin crossover phenomenon arises for complexes with Ao values
near Acit. A small perturbation in Ao (through temperature, pressure, light) can trigger
interconversion between the HS (°T2g) and LS ('Aig) spin states. This switching is possible

because IT lies between the two spin state ligand field energies AFS < TI < A5,

The spin transition between the high-spin (HS) and low-spin (LS) states in spin crossover
complexes involves a change in the metal-ligand bond length. In the HS state, two of the 3d
electrons occupy anti-bonding e orbitals, causing the ligand electronic orbitals to repel each
other, Which lead to an increase in the metal-ligand distance. For an FeNs octahedron, the Fe-
ligand distance increases from rLs = 1.95-2.00 A in the BS state to rus = 2.12-2.18 A in the HS
state (a change ArLs—us = 0.2 A or 10%) This corresponds to an increase of about 25% in the
octahedral volume during this spin transition [20]. This difference can be represented using a
configuration diagram with two adiabatic potential wells whose minima are shifted horizontally
by ArLs—us = 0.2 A along the metal-ligand distance and vertically in energy by AEj;, = Eys - Efs
(Fig.I.5). This concavity difference is primarily attributed to a change in the vibration
frequencies of the octahedron throughout the spin transition, with the vibration frequency v(FeN)

higher in the LS state than in the HS state (vESy/visy = 1.1-1.9).

Given the dependence of Ao on the metal-ligand bond length, and the fact that IT does not
vary significantly with temperature, the ground state energy difference AE;;; between the HS and
LS states can be estimated as a function of A¥Sand A5®. Three regimes can be identified [13]:

1) AES < 10000 cm, AE;;, < 0 cm: HS ground state is lower in energy — HS state
thermodynamically stable at all temperatures

2) ALS > 23000 cm™!, AE};;, > 2000 cm™': LS ground state is lower in energy — LS state stable up
to very high temperatures

3) AHS = 11000-12500 cm™, AL = 19000-22000 cm™, AE;;= 0-2,000 cm™: thermal spin
crossover is possible
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Figure 1.5 configuration diagram depicting the energy variations of the two spin states for an

octahedral Fe(II) complex as a function of the Fe-ligand distance [20].

1.1.2.2 Thermodynamics of Spin Crossover

Spin crossover can be described thermodynamically as an equilibrium between two phases
(HS and LS state), for a system of isolated, non-interacting SCO molecules. Under typical
experimental conditions where pressure and temperature can be controlled externally, the
relevant thermodynamic potential is the Gibbs free energy G. The Gibbs free energy difference

between the HS and LS states at constant pressure can be written as:

AG = Gns - GLs =AH - TAS (L1
where AH is the enthalpy difference (Hus - His) and AS is the entropy difference (Sus - Scs).
Since AH and AS are always positive for a spin crossover system, an equilibrium temperature T1/2
can be defined where the proportions of HS and LS molecules are equal and AG = 0. The Ti2 is
given by:

_ M
Tip= s (I.2)

The enthalpy change AH has contributions from both electronic (AHel) and vibrational (AHvib)
factors. In most cases, AHel provides the main contribution to AH. In contrast, the entropy change

AS typically has a dominant vibrational contribution ASvib, mainly from changes in
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intramolecular vibrational modes due to differences in metal-ligand distances between HS and
LS states. The electronic contribution ASel comes from changes in total spin momentum S and
angular orbital momentum L between states. Regarding the entropy contribution from the
electronic part ASel, this term itself can be divided into two parts: one associated with the
difference in orbital degeneracy ASS'P, and the other with the difference in spin degeneracy

AS jlpin. The two can be written as follows:

spin __ 2S5ps+1
ASel =R In (m) (13)
2Lys+1
ASP =R In (25 (1.4)

Where R = Naks is the ideal gas constant, Na is Avogadro's constant, ks is Boltzmann's constant,
and L is the orbital angular momentum. With the spin change from 'A; to °T2 in Fe(Il), ASSP™ is
13.38 J-K'!'mol”!, much smaller than typical experimental AS values from 40-80
J-K '-mol'[21-22]. This highlights the significance of ASvib. From the above relations (I.1) for

AG and Ti2 expression (1.2), equilibrium behavior and relative stabilities can be deduced:

» T <Tin soAH > TAS, Enthalpy dominates, LS state more stable (GLs < Gus)

» T>Tin so AH <TAS, Entropy dominates, HS state more stable (GLs > Gus)

» T = Tin so AH = TAS, Enthalpy & entropy equal, equilibrium between phases (GLs =
Gus)

The thermodynamic framework therefore provides an understanding of the temperature-
dependent spin state switching in these materials based on the relative magnitudes of the entropic

and enthalpic differences between spin states.

1.1.3 The Different spin transition behaviors

Since the early days (1960s) of spin-crossover research, there has been an appreciation for
the complex interplay between molecular structure, intermolecular interactions, and external
stimuli [23]. Initially, most observed transitions were gradual spin conversions (Fig.l.6a),
following statistical Boltzmann distributions [24-26]. These non-cooperative transitions involve
the incremental thermal excitation of individual, non-interacting metal centers to higher spin

states. A paradigm shift occurred in 1964 when Baker and Bobonich reported an abrupt, switch-
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like spin transition in [Fe(phen)2(NCS)2] deviating from the typical gradual conversions [27].
Konig and Madeja later (1967) confirmed the first-order nature (Fig.l.6b) of this cooperative
transition, attributing it to strong elastic intermolecular interactions as evidenced by
discontinuous changes in lattice parameters [28]. Compared to the continuous lattice parameter
changes seen in non-cooperative spin crossover complexes. Further investigations revealed
additional complexities governing spin-state switching. Highly cooperative systems exhibit
thermal hysteresis between the heating (T1+/2) and cooling (T7/,) cycles (Fig.1.6¢), indicating
metastable states due to excessive instability of intermediate states [26]. The most cooperative
systems can exhibit thermal hysteresis loops spanning several tens of Kelvin across the
transition, with T1+/2 and Ty, representing the respective transition temperatures from the low
spin state to the high spin state (upon heating) and from the high spin state to the low spin state

(upon cooling).
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0.5

0 ~i
T T
nus 4,0 F d) 1 19Fg) ]
05 {1 o05¢t _
0t T- 0t T-

Figure 1.6 depicts thermo-induced spin transition curves, plotting high spin fraction HS (nyg) as
a function of temperature (T). Five common transition types are represented [13]: (a) gradual
spin conversion, (b) abrupt transition, (c) abrupt transition with a hysteresis loop between heating
and cooling cycles, (d) multi-step transitions occurring through discrete intervals, and (e)

incomplete transitions with residual high or low spin fractions persisting.
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This memory effect was first reported by Konig and Richter in 1976 for the compound
[Fe(4,7-(CH3)2-phen)2(NCS)2] [29]. It arises from the excessive instability associated with
intermediate spin state configurations, which creates an energy barrier between the two pure low
and high spin phases. This gives rise to metastable states and a difference between the heating
and cooling transition temperatures evident in the hysteresis loop. The first two-step spin
transition (Fig.1.6d) was observed by Zelentsov in 1981 for an Fe(IIl) complex with 2-bromo-
salicylaldehyde-thiosemicarbazone [30]. Such multi-step transitions can also occur in
polynuclear complexes, where the switching of one metal causes distortions that make the
transition of a second metal less favorable [31]. In mononuclear complexes, two-step transitions
can arise from competition between short-range interactions favoring HS-LS alternation and
long-range interactions favoring homogeneous phases [32-34]. The presence of non-equivalent
metal sites in the material, with different ligand environments, can also lead to distinct spin
transition temperatures for each site [35]. In all cases, these phenomena underscore the
intricacies of molecular and intermolecular factors governing spin transition behavior in these
systems. Finally, Incomplete spin transitions have been observed with residual high spin
fractions persisting at low temperatures or residual low spin fractions at high temperatures
(Fig.I.6e) [36]. Several origins underlie this behavior. Kinetic trapping can occur at low
temperatures, fixing certain molecules in metastable high spin states [26,35]. Structural defects
or disorders may also locally block spin state switching for some metal centers. Additionally,
decreasing particle size is known to facilitate incomplete transitions [26]. Such effects highlight
the sensitivity of spin crossover phenomena to subtle structural and environmental factors. The
presence of non-equivalent metal sites, with only one undergoing switching, can also lead to
residual spin fractions. Overall, incomplete transitions demonstrate the intricacy of kinetic and
thermodynamic factors governing spin-state bistability and interconversion in these functional
materials. By linking specific switching mode observations to intermolecular interactions and
structural/external considerations, we can continue expanding the applications repertoire of these

fascinating functional materials.

1.1.4 Limitations or Gaps in Prior Research
Significant knowledge gaps remain in fundamentally understanding and predictively

engineering spin crossover phenomena for advanced applications. While structure-property
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relationships have been mapped extensively on various transition metal complexes,
contemporary comprehension lacks robust quantitative models or design principles to custom-
tailor spin state switching behavior a priori across diverse molecular systems and external
triggers [16,37-38]. Moreover, synthetic and experimental barriers hinder systematic inquiries
into emergent effects like long-range communication channels across polynuclear spin crossover
networks that could enable cooperative amplification of multifunctional responses [16,39].
Bridging these gaps requires expanding rigorous theoretical descriptions of coupled spin-lattice
mechanisms, developing sophisticated characterization techniques to probe spin states at the
molecular level, devising rational spin-crossover material construction strategies, and interfacing
with real-world device architectures. Only through comprehensive progress across modeling,
experimentation, and design can the promise of spin crossover systems in areas ranging from

spintronics to data storage be fully realized.

1.1.5 Effects of External Stimuli on Spin Crossover Complexes

In addition to fundamental coordination sphere factors, extensive research has focused on
elucidating external stimuli that can trigger spin state interconversions by altering the relative
energies of electronic configurations. A variety of external inputs have demonstrated
effectiveness for inducing or modulating spin state switching in transition metal complexes
exhibiting spin crossover phenomena. These can be broadly categorized into chemical stimuli
that alter spin states through direct or indirect molecular interactions as well as physical stimuli
that act through external energy inputs to perturb relative thermodynamics of HS and LS
potential surfaces. It should be noted that temperature (T), pressure (P), light (hv), and magnetic

field are the most commonly used external perturbations.

1.1.5.1 Physical Stimuli
a) Pressure-induced spin crossover

The application of external pressure can significantly impact spin transition behavior in metal
complexes. Ewald first studied pressure effects on a spin-crossover Co(II) complex in 1969 [50],
finding that increasing pressure leads to a decrease in volume and favors the LS state by
decreasing metal-ligand distances and thus increasing ligand field strength. [45-47]. This results

in a shift of the transition temperature towards higher temperatures. In the mean field
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approximation, the Spiering model considers that the influence of pressure on the spin transition
is determined by the magnitude of the change in the crystal lattice unit cell volume per molecule
undergoing spin transition, the interactions between the molecules themselves and with the
lattice [48-49]. Taking into account these terms, the variation in free enthalpy under an external

pressure P is defined as:

AG= yAFuL + Fint(y,T) - TSmix(y) + YPAV (L.5)
Where:
v is the HS molar fraction, AFuL is the free energy variation due to the spin transition Smix(y) = -
ks[(1-y)In(1-y) + yIn(y)] is the mixing entropy, Fin(y,T) = Asy - T'y? is the interaction term, with
As being the difference in free energy from interactions of complexes with the host matrix, and I'

the intermolecular interaction parameter.

By introducing the elastic energy of the complexes, the terms can be grouped into electronic and

elastic components:

AFHL + As = AFel + AFelast (16)

Where: AFe1 and AFelast represent the variations in electronic and elastic free energy of the system,
respectively. The formalism developed by Spiering has been useful for understanding how the
transition temperature T12 changes under applied pressure, as measured by various techniques
like magnetic susceptibility, Mossbauer spectroscopy, and optical absorption/reflectivity

spectroscopy [13,51-53].

The effects of pressure on spin transition systems can be diverse:

» The transition temperature increases, however the transition becomes more gradual at
higher pressures [54].

» The transition temperature increases and a more cooperative compound with hysteresis
can be obtained from one which did not initially show hysteresis [52].

» An incomplete spin transition can become complete with increase in transition
temperature [55].

» In compounds that are HS over the whole temperature range, stabilization of the LS state

has been achieved [57-58]
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» Some atypical behaviors have also been observed like: increase in hysteresis width with
pressure which later disappears and then reappears [Fe(hyptrz);]A2.H20]; complete
stabilization of HS state [[Fe(btr)2(NCS)2].H20] which has been attributed to a pressure-

induced structural transition [56].
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Figure 1.7 depicts the impact of pressure (p2 > p1) on the relative positioning of the high-spin
(HS) and low-spin (LS) potential wells in a Fe(II) compound [59].

Most studies show an increase in T12 and a decrease in hysteresis width Ti/2 upon application
of pressure. In majority of cases, upon releasing the pressure, the initial spin transition properties
are recovered indicating the reversible nature of the pressure effects. However, irreversible
effects have also been documented in some cases. To explain the diverse effects of pressure,
modifications like incorporating pressure-dependent elastic modulus variations have been
introduced into models like the one developed by Spiering. A complete understanding
necessitates detailed structural and microstructural studies under pressure, which still remain

scarce owing to the complex experimental environment they require.

b) Spin transition induced by magnetic field

The influence of a magnetic field on spin crossover systems is related to the stabilization of
the most magnetic state, which for Fe(Il) complexes is the HS state. Initial theoretical work in
1982 by Sasaki and Kambara [60] proposed a cooperative Jahn-Teller effect model to explain the
perturbation caused by very strong static magnetic fields (100 T) but this was not validated

experimentally later on. Experimental work in 1983 by Giitlich et al. [61] on the model
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compound [Fe(phen)2(NCS)2] using a 5.5 T static magnetic field showed a small shift of 0.11 K
in the spin transition towards lower temperatures upon cooling. Further work by Bousseksou et
al [57]. using 32 T pulsed magnetic fields on the same complex revealed that when placed at the
transition point, application of a magnetic field pulse increases the HS state proportion. This
phenomenon was observed along the whole ascending BS — HS transition and a mean-field
model was later proposed to explain it [57]. The magnetic field stabilization effect arises from
the Zeeman effect, which favors the state with highest magnetic moment, i.e. HS for Fe(II).
Thus, the application of a magnetic field shifts the spin transition towards lower temperatures.
However, the extent of this shift is much smaller compared to effects of pressure or ligands on
the spin transition. With static fields up to 20 T, the shifts are limited to around 1 K. Only with
very strong pulsed fields have higher shifts of a few Kelvin been attained [57]. Nonetheless,

magnetic fields present a perturbation approach that stabilizes HS states in SCO materials.

¢) Light-Induced Spin State Switching

The most dramatic way to switch between LS and HS spin states is through light irradiation.
Using light to produce spin changes is appealing for applications since it allows fast and simple

control. Currently, there are two primary light-driven approaches:

- ligand-based switching through the ligand-driven light-induced spin change (LD-LISC) effect
[62-63].

- metal-based switching via the light-induced excited spin state trapping (LIESST) effect at very
low temperatures [62,64].

1. Ligand-Driven Light-Induced Spin Change (LD-LISC)

The LD-LISC effect involves photoisomerization or photocyclization (ring-closing/ring-
opening reactions) of ligands in order to modulate the ligand field strength [65-67]. If the ligand
field changes enough upon light irradiation, this can trigger a spin transition at the metal center.
Example ligand families that have been used successfully for LD-LISC include styrylpyridines,
stilbene, azobenzene, diarylethene and Schiff bases with photoactive groups [67-69]. In
complexes with these ligands, trans-cis photoisomerization leads to different ligand field
strengths for the two isomers, inducing spin crossover. For instance, the complex
[Fe(stpy)4«(NCBPh3)2] (stpy = 4-styrylpyridine) exhibits LD-LISC behavior [68]. The trans

isomer shows gradual spin crossover near 190 K while the cis isomer remains HS from 10-300
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K. Partial trans—cis photoisomerization can thus trigger HS—LS conversion upon light

irradiation near room temperature.

The main limitations are fatigue over many switching cycles due to significant ligand
rearrangements [70], and restriction so far to solution state systems. However, progress has been
made using Langmuir-Blodgett films [71-72]. Overall, LD-LISC shows promise for spin state

photoswitching near ambient conditions.

2. Light-Induced Excited Spin State Trapping (LIESST)

The LIESST effect involves direct light irradiation of the metal complex in order to induce
LS to HS conversion. This photomagnetic effect was first discovered in iron(II) spin crossover
compounds in 1982 by McGarvey and Lawthers [73]. In 1984, Decurtins et al [74]. demonstrated
the LIESST effect in the solid state on the complex [Fe(ptz)s](BF4)2 (ptz = 1-propyltetrazole),
showing light-induced population of a metastable HS state with a lifetime longer than 11 days
below 20 K. The generally accepted mechanism of LIESST, illustrated in the Jablonski diagram
(Fig.1.8), involves two successive intersystem crossings [75]. Initially, light irradiation (typically
514 nm or 532 nm laser) excites the LS 'A1 ground state to the Franck-Condon 'MLCT (metal to
ligand charge transfer) state. This quickly relaxes (within ~100 fs) to lower energy *MLCT
states, followed by intersystem crossing to intermediate triplet *T1 metal-centered states. Further

relaxation then reaches the metastable quintet HS °T> state.
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Figure 1.8 Jablonski diagram showing LIESST mechanism [75].
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Provided sufficiently low temperatures, relaxation barriers confine the complex in this HS T
state, with the 'A; ground state only repopulated through thermally activated pathways above a
critical T(LIESST) limit or slower quantum tunneling [76]. However, infrared irradiation can
also induce the reverse HS—LS photoswitching through the reverse-LIESST mechanism's

approximate path [77]:

HS °T2 — 5E (NIR) — °T1 — 'Aj
The effective "trapping" of metastable light-induced spin state at cryogenic temperatures, and the
possibilities for optical readout or erasure, underpin interest in exploiting LIESST toward
applications [78-79]. However current challenges include increasing accessible temperature

limits and fatigue over repeated photoswitching cycles [80].

An important focus of recent research has been on increasing the T(LIESST) limit, which is
the critical temperature where relaxation from the metastable HS state accelerates and the
LIESST-induced HS fraction starts to significantly decrease over time [81]. Several strategies are

being pursued to improve T(LIESST) values [82]:

» Varying the ligand field strength through rational ligand design or substitutions
» Introducing disorder into the lattice to increase metastable state lifetimes
» Incorporating LIESST-active complexes into porous metal-organic frameworks
» Optimizing intersystem crossing rates through computational modeling
In addition, quantitative structure-function relationships have been identified between

T(LIESST) values and thermal spin transition temperatures [83-84], with the empirical relation:

T(LIESST) = To - 0.3T112 (1.7)

Where: To is a constant based on the complex's structure. Such insights are guiding efforts to

tune LIESST properties towards ambient temperature photoswitching.

Complementing steady-state LIESST investigations, time-resolved spectroscopies have
elucidated relaxation dynamics and clarified mechanisms [85-86]. Ultrafast optical studies have

tracked evolution between transient Franck-Condon, MLCT, and triplet states, providing
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timescale measurements for each step ranging from femtoseconds to nanoseconds. Meanwhile,
long-timescale kinetic magnetic studies probe metastable state lifetimes from microseconds to
days depending on temperature. These timeresolved perspectives offer a detailed glimpse into the
complex Photoswitching pathways while highlighting the key bottlenecks limiting more room
temperature LIESST performance.

1.1.5.2 Insights into the Influence of Chemical Modifications

Beyond the physical stimuli that modulate its spin state, a spin crossover complex is also
highly sensitive to various chemical factors. These include ligand substitution and nature, the
presence of peripheral ions or solvent molecules, dilution of the metal center, as well as
polymorphism and crystal packing. The latter provide important optimization handles for tuning

the desired switching properties for potential applications.

a) Ligand Effects

The effect of ligands on spin crossover behavior is multifaceted, with various factors such as
steric aspects, molecular symmetry, electronic properties, and electron density affecting the
ligand field strength and spin state energetics. As Halcrow comprehensively reviews [40], bulky
substituents near the metal center or expanded chelate rings favor the high-spin state by
hindering metal-ligand bond contraction, while peripheral steric bulk can promote either spin
state depending on distortion effects. Additionally, Halcrow notes that electron-withdrawing
substituents may stabilize either spin state based on conjugation ability and substituent position.

Elaborating on the impact of molecular symmetry, Run-Guo Wang et al [41].

find that chirality and ligand orientation in [Fe(pybox)2]** complexes significantly affect spin
crossover properties, with higher symmetry favoring the low-spin state due to enhanced ligand
field. Through systematic analyses, Chun-Feng Wang and colleagues [42]. propose that
substituent positions predominantly influence spin transition via steric distortion rather than

electronic effects. Demonstrating subtle electronic effects, Park et al [43].

show that remote ligand substitution can substantially alter crossover temperature; both
temperature and enthalpy decrease across their series as substituents become more electron-
withdrawing, attributed to modulated ligand field. Confirming the influence of electron density,

Dey et al [44]. establish that enhanced electron donation from substituents increases crossover
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temperature, ascribed to augmented d-orbital splitting favoring the high-spin state. Collectively,
these works illustrate that factors modulating ligand field strength, such as steric, symmetry,
conjugation pathways, and electron donation capability of substituents, can profoundly impact

metal center energetics and interconversion between spin states.

b) counter-ion Effects

In the case of ionic complexes, the system requires a counter-ion. The nature and size of it
greatly influences the organization of the crystalline assembly (intermolecular interactions),
because the anions present in the network play a significant role on cooperativity and thus on the
transition characteristics. Matsumoto's group systematically studied three iron(Il) spin crossover
complexes with a hexadentate Tris[2-(((2-methylimidazol-4-yl)-methylidene)-amino)-
ethyllamine (H3LMe) ligand, but different counteranions: perchlorate (C10}), tetrafluoroborate (
BF;), and hexafluoroarsenate (AsFg) [87]. While all three complexes underwent gradual spin
transitions centered around 175 K, distinct differences were observed between them. The
compound with the largest AsFg counterion showed the most abrupt, first-order like transition
with a very narrow 1 K hysteresis loop. In contrast, the complexes with smaller BF, and ClOy
anions displayed more gradual, second-order transitions with wider 10-15 K hysteresis regions.
This demonstrates the significant impact counterion size can have on intermolecular spacing and
interactions, fundamentally changing the cooperativity and transition characteristics. Detailed
magnetic data highlights the systematically longer plateau region for the complex with larger
AsFg ions compared to the smaller BF, and ClO} versions. This provides direct evidence that
counterion size tunes the two-step nature of the transitions by modifying the strength of intra-

and intermolecular couplings.

¢) Protonation Effects

The influence of protonation on SCO equilibria and dynamics has been extensively studied,
with intriguing protonation-induced switching behaviors demonstrated across various complexes.
As Rabelo and co-workers demonstrated, reversible protonation allows switching between faster-
relaxing and slower-relaxing magnetic states in cobalt(Il) complexes [88]. By tuning spin-
phonon couplings through protonation, they achieved excellent control over relaxation behaviors.
Intriguingly, protonation also changed relative stabilization of HS states, attributed to distortions

causing loss of ligand conjugation [88]. So protonation effects depend sensitively on geometric
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factors. In iron systems, Kelly and colleagues utilized protonation to generate persistent yet
reversible LS state preferences, opening up pathways to analyte-responsive magneto-modulation
for sensing [89]. However, Zhang et al. found that excessive protonation dramatically twisted
ligand planes in some iron complexes, decomposing the complexes [90]. So protonation
reactions provide a remarkably versatile, but potentially destructive tool. Reversible protonation
unlocks spin-state switching capacities through delicate molecular distortions and coupling
effects. When judiciously controlled, fascinating magnetic phenomena emerge with diverse
functional possibilities. But things can go haywire if protonation disrupts molecular integrity.
Moving forward, precise understanding and careful calibration of protonation effects—both
constructive and destructive—will be key to harnessing the promise of these reactions for spin-
crossover applications. There is still much to understand, but the possibilities make further

elucidation incredibly exciting.

d) Solvent Effects

The nature of solvents in spin transition complexes can play a major role in influencing the
transitions. Phonsri et al [91]. demonstrate the profound impact of solvent on spin crossover
(SCO) properties in a series of iron(Ill) complexes with only the lattice solvent varying. They
showed thermal spin transition temperatures can be tuned over nearly 200K just by altering the
solvent molecule. Most notably, the ethanol solvate exhibited exceptional sensitivity to sample
conditions, with hysteresis loops up to 80K - among the largest known SCO systems.
Meanwhile, Fumanal and co-workers [92], showed replacing acetone with propylene carbonate
in an iron(Il) complex caused its abrupt, hysteretic SCO to disappear, instead yielding a
diamagnetic derivative, due to minimal lattice distortion induced by the latter solvent. Together,
these studies exhibit the solvent's surprising ability to dramatically influence SCO characteristics
through subtle changes in supramolecular connectivity, lattice distortions, and interactions -

findings which will greatly aid development of responsive SCO-based devices.

e) redox modulation

Recent work has demonstrated the ability to modulate spin crossover behavior in iron(Il)
complexes and coordination polymers through incorporation of redox-active components.
Schonfeld et al [93]. synthesized an iron(Il) complex with a tetrathiafulvalene equatorial ligand

that enables coupled spin crossover and redox properties, though studies found limited electronic
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communication between the metal and ligand. Lyu et al [94]. achieved reversible switching
between high and low spin states in an iron(II) metal-organic framework by oxidizing and
reducing the Au(I/III) sites of the Au(CN): linker. Palacios-Corella et al [95]. reported a 1D
polymer with alternating Fe(Il) spin crossover units and polyoxometalate spacers, where
injection/removal of electrons and bulky counterions via redox changes in the polyoxometalate
modulated the abrupt cooperative spin transitions. Overall, these recent advances demonstrate
that incorporation of redox-active ligands or components in the framework enables external

tuning of spin crossover behavior through reversible redox switching.

f) polymorphism effect

The effect of polymorphism on SCO behavior is an emerging area of research, polymorphs of
the same SCO complex can exhibit dramatically different magnetic properties, such as transitions
between HS and LS states at different temperatures or abrupt versus gradual spin conversions.
These differences originate from subtle variations in factors like crystal packing, intermolecular
interactions, and distortions in the metal coordination geometries between polymorphs [96]. as
demonstrated by Tailleur et al [97]. in their 2019 study on two polymorphs of [Fe(PM-
PeA)2(NCSe)2]. They found one polymorph undergoes an abrupt spin transition with thermal
hysteresis centered at room temperature, while the other exhibits a gradual spin conversion at
lower temperatures. Tailleur et al. attributed these distinct behaviors to subtle differences in the
crystal packing and intermolecular interactions between the two polymorphs, particularly
variations in H-H contacts. This reveals the extreme sensitivity of spin crossover properties to
small structural changes arising from polymorphism. Overall, their work highlights how
polymorphism provides an opportunity to understand and potentially control spin crossover
mechanisms starting from the same molecule. For example, Matouzenko showed heavy
distortions stabilize the high spin state while moderate distortions enable spin transitions [98].
Overall, the extreme sensitivity of SCO properties to small structural changes arising from
polymorphism reveals an opportunity to fundamentally understand and potentially control SCO
mechanisms starting from the same molecule. Further theoretical and experimental work is
essential to uncover feasibility, structural factors influencing properties, and perhaps even

discover new SCO transition phenomena linked to polymorphism.
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1.1.6 Single Molecule Magnets and Slow Relaxation

Single-molecule magnets (SMMs) are a class of compounds that exhibit slow relaxation of
magnetization at the molecular level below a blocking temperature, leading to magnetic
bistability similar to bulk magnets. This property was first reported in 1993 by Sessoli et al [99].
in a manganese(IIl) cluster complex [Mni2012(CH3COO)16(H20)4] with a large S = 10 ground
spin state and significant magnetoanisotropy barrier (Uefr) on the order of 60-70 K that enabled
magnetic hysteresis of molecular origin. In 1996, David Hendrickson and coworkers were the
first to employ the term "single-molecule magnet" to refer to this phenomenon [100]. The energy
barrier Uesr originates from zero-field splitting (ZFS) of the ground spin state caused by spin-

orbit coupling and ligand field effects. This ZFS can be described by the Spin Hamiltonian:

Azps = D[SZ - S(S+1)/3]1 + E(S% -§%) (1.8)
Where: D and E are the axial and rhombic ZFS parameters respectively. A large positive D-value
yields an anisotropy barrier Uett = [D|S? for the reversal of magnetization between the Ms = +S

spin projections along the easy axis.
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Figure 1.9 (a) depicts the structure of a molecule called Mniz-ac. The illustration uses purple for
manganese(IIl) atoms, green for manganese(IV), gray for carbon, and red for oxygen. Hydrogen
atoms are not shown for better clarity [104]. (b) Schematic representation of the splitting of the
Mni2 ground state S = 10 into 21 sublevels by ZFS and of the relaxation of the magnetization
from the "spin-up" state (Ms= 10) to the "spin down" state (Ms=—10) at H = 0 and low

temperature.
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Two key requirements underlie such slow relaxation of magnetization:

1- a large ground state spin, derived from the metal ion coordination

2- substantial easy-axis type magnetoanisotropy imposed by spin-orbit coupling and often related

to near axial symmetry of the complex's geometry, which prevents spin inversion.

Magnetic relaxation occurs through direct, Raman, and Orbach processes. Thermally activated

relaxation over the barrier occurs via the Orbach process (follow Arrhenius behavior):

U
T= roexp(Kfo) (1.9)

where: 1o is the pre-exponential factor, Uefr denotes the effective anisotropy barrier and ks is the
Boltzmann constant. Quantum tunneling of magnetization (QTM) leads to T-independent
relaxation. Strategies to optimize SMM properties focus on maximizing ground spin state,

incorporating easy-axis anisotropy, and limiting QTM.
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Figure 1.10 depicts the main magnetization relaxation mechanisms: Orbach process (top left),
where spins thermally "jump" over an energy barrier; the Raman process (top right), where local
vibrations assist spin transitions, impacting the temperature-dependent relaxation rate; and the
Direct process (bottom left), where phonons directly excite transitions, particularly at high
temperatures. In reality, combinations (bottom right) like quantum tunneling of magnetization
(QTM) and thermally assisted tunneling (TA-QTM) often play a role, making relaxation

behavior a complex interplay of these various mechanisms [105].
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Research has also targeted combining SMM properties with SCO behavior, where transition
metal complexes exhibit reversible switching between HS and LS electron configurations in
response to external stimuli like temperature, light irradiation, pressure or applied magnetic
fields, yet SCO favors diamagnetic LS states whereas SMMs inherently require metastable,
paramagnetic HS configurations with maximum possible spin angular momentum as the ground
state. Approaches to reconciling SMM and SCO functionality within a singular molecular or
ionic complex include light-induced excited spin-state trapping (LIESST) to photo-populate HS
states in SCO compounds at low temperatures where they normally rest in LS form, designing
multi-component systems where distinct molecular constituents or ions within a Solid State
structure exhibit either SCO or SMM characteristics separately without detrimental interactions,
and synthesizing bicomponent ion-pair systems with segregated SCO and SMM functionality
such as the bicomponent ion-pair compound [Co(Brphterpy)2][Co(NCS)4]-2MeCN which
displays gradual, incomplete thermal SCO in the [Co(Brphterpy):]** cation and field-induced

slow magnetic relaxation consistent with single-ion magnet (SIM) behavior in the

pseudotetrahedral [Co(NCS)4]*" anion [101].
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Figure I.11 depicts: (left) the equilibrium magnetization directions (yellow arrows) in the

Energy

absence of an external magnetic field; (center) the material's magnetization caused by an external
field and the stabilization of sublevels with Ms < 0; and (right) the blocked magnetization with

no field when the temperature is lower than the blocking temperature (Ts) [104].

Subtle alteration of the coordination environment in Co(I) complexes coordinated by
tetrathiafulvalene (TTF)-decorated terpyridine ligands can switch the magnetic response between

thermal spin crossover transitions centered on the TTF moieties and field-induced slow magnetic
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relaxation dynamics arising from the Co(II) sites [102]. This illustrates the intrinsic relationships
between SCO and SMM phenomena in certain transition metal complexes where minor
structural modifications interconvert between the two types of bistable magnetic behavior. Chen

and coworkers [103].

reported examples of cobalt(Il) complexes [Co(12-TMC)(CH3CN)2](X)2 (12-TMC =1,4,7,10-
tetramethyl-1,4,7,10-tetraazacyclododecane, X = BF,, PF¢) that display both spin crossover
properties and field-induced slow relaxation of magnetization. The five-coordinate cobalt(Il)
complexes undergo a gradual spin state change from low spin (S = 1/2) to high spin (S = 3/2) at
higher temperatures. Under an applied DC field, they also exhibit the characteristic slow
magnetic relaxation dynamics indicative of single-ion magnet (SIM) behavior originating from
the S = 1/2 spin state. The magnetic studies suggest significant spin-orbit coupling enables both
direct and Raman-like relaxation processes in these complexes. This work presents a novel

approach to identify new single molecule magnets among spin crossover cobalt(Il) systems.

1.1.7 Schiff Base Ligands in Spin Crossover Research

Schiff bases have a long history coordinating transition metal ions, but have only recently
unlocked potential for SCO systems [106]. Fine-tuning through modifying substituents on
aldehyde/amine precursors enables optimizing properties like solubility, intermolecular
interactions, and structural landscapes around the metal center. Schiff base ligands with {N3O2}
donor sets have proven to be useful for synthesizing mononuclear Fe(IlI) complexes that exhibit
spin crossover phenomena [107]. By using cyanido ligands, low-spin Fe(IIl) Schiff base
complexes can be reliably obtained, while other pseudohalido ligands like NCS", NCO", and N3
result in high-spin complexes instead [108]. An important finding is that Schiff bases derived
from 2-hydroxy-1-naphthaldehyde (with a napet backbone) display varying spin crossover
behaviors depending on the choice of terminal ligand. Gradual, abrupt, and even hysteretic
transitions were observed for different napet complexes [107,108-110]. Furthermore, Schiff base
ligands containing tetradentate N2O2 donor sets have proven very effective at stabilizing spin
crossover in iron(IIl) complexes [111]. Variation of both the equatorial Schiff base and axial
bridging ligands in 1D polymeric systems allows tuning of the spin transition temperature and
properties [111]. Both [FeN4O:2] and [FeNs] coordination environments have also been

successfully constructed using Schiff bases of varying denticities and donor atoms, leading to
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SCO activity [112]. Notable examples covered include complexes with tetradentate, tridentate,
bidentate, and tripodal tris-bidentate Schiff base ligands, which have shown abrupt, hysteretic,
stepwise and multiple SCO behavior [113-117]. Careful structural modification of the ligands by
substituent variation allows tuning of SCO transition temperature, abruptness/cooperativity,
width of thermal hysteresis, and incorporation of added functionalities like luminescence. Chiral
Schiff base ligands have also enabled selective crystallization of homochiral SCO complexes

with potential for magneto-optical applications [112].

1.1.8 Applications of Spin Crossover Complexes and Materials

The unique multifunctional attributes of spin crossover complexes that combine electronic,
magnetic, optical, and structural modulations have driven extensive research into potential
applications. By leveraging spin state switching through external triggers, SCO systems could
power molecular electronic devices, sensors, or data storage and logic operations [118]. Spin
crossover systems have been incorporated into prototypes of various devices including sensors,
actuators, displays and data storage or memory elements [118-120]. Most progress has involved
thin films that can be fabricated through techniques like layer-by-layer assembly, Langmuir-
Blodgett deposition, electropolymerization and inkjet printing of SCO coordination compounds.
Integration into electronic circuits to function as transistors, memory units, or logic devices
offers possibilities for spintronics [121]. Crystal engineering approaches have incorporated SCO
complexes into solid state materials motifs and mechanically-active actuators. Multifunctional
SCO polymer composites also present opportunities where spin switching modulates bulk
properties like shape, color, conductivity and permeability. Medical usages have also been
proposed for SCO species such as high contrast bioimaging, drug delivery systems with targeted
release, [119,122]. Despite promising potential, substantial barriers around operational stability,
reversible switching cycling, and interfacing challenges have inhibited practical adoption of spin

crossover complexes in real-world devices or commercial technologies thus far [123].
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1.2 corrosion inhibitors
1.2.1 introduction on corrosion and protection

Corrosion is the degradation of a material, most commonly metals, through chemical or
electrochemical reactions that occur when it contacts an aggressive environment. It affects
structures, infrastructure, and construction, particularly steel which sees widespread usage but
has high corrosion susceptibility from exposure to moisture, immersion, soil and aggressive
solutions. The intricate corrosion processes arise from numerous interdependent factors related to
the metal, environment composition, temperature and more. Consequently, despite being

commonplace, corrosion remains complex and widely studied.

Fundamentally, corrosion reverts metals/alloys to more stable oxide, sulfide, carbonate or salt
states naturally found in their environments [124]. Three main corrosion protection strategies
target: the material itself, the surface, or the interacting medium. Selecting specific metals/alloys,
geometries and processing for an application exemplifies adapting the base material. Surface
treatments like coatings and paintings physically separate the metal from corrosion triggers.

Finally, adding inhibitors to the environment reduces its aggression and oxidative tendency.

Inhibitors attract industry interest as an easily implemented, cost-effective anti-corrosion
technique directly employed in pickling, oil extraction and closed systems. Their uniqueness lies

in mitigating corrosion by modifying the interaction at the environment rather than metal.

1.2.2 history of corrosion inhibition

As with many fields, pinpointing the precise temporal origin of corrosion inhibition is
difficult. Corrosion itself was already recognized by the Romans, with the Ist century AD
scholar Pliny the Elder outlining coating methods to protect iron and bronze [125]. While
corrosion studies arose in the 17th century, scientific examination of mitigation methods began in
the 19th century [126]. Decades ago, an observation was made — mineral deposits forming in
pipes transporting some natural waters had a protective effect. Rather than continually enhance
pipe corrosion resistance, adjusting transported solution mineral levels causing these
"preservative" limescale deposits was more practical [127]. Before 1945, fewer than 30

references on corrosion inhibition existed. A 1948 paper by Waldrip cited a 1943 report on
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safeguarding oil well corrosion. [128] Numerous inhibition publications spanning aviation,
boilers, cooling loops, diesel motors and more released between 1945-1954 signify substantial
technological advancement. [129] Over the last 40 years, an exponential rise occurred in
summaries, papers and other works — by 1970, 647 inhibition-focused articles were published
[130]. In 2022, around 35,362 articles covered this topic, highlighting major field expansion
[131].

1.2.3 Definition of Corrosion Inhibitors

The National Association of Corrosion Engineers (NACE) has put forth a definition of a
corrosion inhibitor as a chemical substance that, when added in small concentrations to a
corrosive environment, effectively stops, decreases, or prevents the corrosion interaction between
a metal and its surrounding environment [132]. However, this definition is restrictive in some
ways and too broad in others when it comes to properly classifying substances as corrosion
inhibitors. Specifically, the NACE definition excludes substances that reduce corrosion rates but
do not meet the first condition of "checking, decreasing, or preventing" the metal-environment
interaction. For example, adding acids or bases to adjust pH can reduce corrosion rates
significantly, but does not constitute inhibition under this definition [129]. On the flip side, some
compounds that should be excluded based on the definition, like oxygen scavengers that

consume oxygen, can also be reasonably considered inhibitors in some cases [133].

Additionally, the meaning ascribed to "inhibitor" in this definition is too narrow to cover the
general concept of slowing down the corrosion process of a metal by any means. As an example,
adding the element chromium to iron to produce stainless steel reduces corrosion, but
characterizing chromium as a corrosion inhibitor goes against the semantic interpretation in the

NACE definition [129].

In summary, while providing a starting point, the NACE definition has limitations when it
comes to unambiguously classifying substances as corrosion inhibitors across all contexts and
use cases. Some judgment and discretion is still required to determine what constitutes inhibition

based on the specifics of the metal-environment system and mechanisms involved.
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1.2.4 Conditions of Use

Inhibitors can be utilized as the only means of corrosion protection in two ways: as
permanent protection, which allows the use of non-alloyed ferrous metals with satisfactory
corrosion resistance, though monitoring of the installation is required [134]; or as temporary
protection during periods when the part or system is especially vulnerable to corrosion like
during storage, pickling, or cleaning. In the latter case, controlling the inhibitor system is simpler

since predicting the inhibitor's performance over time is easier.

Inhibitors can also be combined with other protection methods like: providing additional
safeguarding for high corrosion resistant alloys; or adding inhibitors to surface coatings

including paint, grease, oil, etc. [129].

1.2.5 Key Factors for Inhibitor Utilization and Performance

there are several essential functions that an effective corrosion inhibitor must fulfill,
including lowering the corrosion rate without impacting mechanical properties, remaining stable
in the environment, being effective at low concentrations, non-toxic, and being cost effective for
industrial use [135-136]. Building on this, Jevremovi¢ et al, further elaborate on the most
important criteria to consider when selecting appropriate corrosion inhibitors. These key factors

include:

Interaction with surface to adsorb and form protective film (self-healing ability)
Solubility to allow inhibitor transport to surface
Reactivity to form protective films in situ

Sacrificial behavior to protect surface

YV V. V VYV V

Balancing molecular properties like solubility, reactivity, size

» Considering environmental factors like toxicity

In summary, optimizing corrosion inhibition requires balancing various molecular characteristics
and surface interactions to achieve performance under the intended conditions and environment.

Both the inhibitor itself and the formulation system are important design factors.
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1.2.6 Common Industrial Uses
Corrosion inhibitors have many potential applications for preventing corrosion, although

their use can be limited by the large volume of the corrosive medium or the inaccessibility of
some corrosive mediums. Traditional major uses of inhibitors include water treatment of
drinking water, industrial process water, and boiler water; protecting oil industry infrastructure
like drills, pipelines, refineries, storage tanks, and transport vessels at all stages from drilling to
end use; temporarily protecting metals during acid cleaning processes, storage, or in cutting

fluids; and as additives in metal paints to provide corrosion protection [129].

1.2.7 Classification of corrosion inhibitors

There are several classification systems for corrosion inhibitors that categorize them
differently [129,136-138]:

» By composition - inhibitors can be organized into organic or inorganic (mineral)
categories based on the compounds they contain.

» By electrochemical mechanism - inhibitors can be cathodic (slow cathodic reactions),
anodic (slow anodic reactions), or mixed (slow both reactions) depending on which half-
reaction of corrosion they primarily influence.

» By interface mechanism - classification focused on how inhibitors interact with metal
surfaces, either through adsorption directly onto the metal or by forming a protective
barrier film.

» By application - inhibitors can be categorized by the industrial processes or scenarios

where they are utilized (e.g. water treatment, temporary protection, oils).

composition application

» Aqueous media

> Organic » Non-aqueous media

» Inorganic > gas phase

> cathqdlc » adsorption inhibitors

» anodic > interphase inhibit

> mixed interphase inhibitors
electrochemical mechanism interface mechanism

Figure 1.12 provides a comprehensive overview of various categorizations of corrosion
inhibitors.
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The different classification approaches provide insights into the composition, functionality,
underlying protective mechanisms, and appropriate usage cases for various corrosion inhibiting
products. Understanding these categories aids in inhibitor development, selection, and

application.

1.2.7.1 Classification by Nature of Products (composition)

Inhibitors can be broadly categorized based on their chemical composition. The two main
classifications are:

i. Organic Inhibitors

Organic compounds have significant potential for further development as corrosion
inhibitors. Despite certain advantages of inorganic inhibitors, organic inhibitors tend to be
preferred largely due to lower ecotoxicity and more environmentally friendly profiles. These
substances function by adsorbing onto the metal surface and forming a more or less continuous
protective barrier or film, albeit of finite thickness. This barrier prevents contact between the
corrosive solution and the underlying metal [131,138]. Many diverse organic compounds can
potentially serve as effective corrosion inhibitors. Starting from an initial "parent" molecule with
some efficiency, increasingly complex organic compounds can be synthesized through structural
modifications. The goals of such modifications may be to improve inhibition efficiency, enhance
solubility in aqueous or non-aqueous solutions, increase surface wettability characteristics,
optimize thermal stability at elevated temperatures, and reduce production costs [139-141].
Many common organic inhibitors leverage heteroatoms such as nitrogen, oxygen, sulfur, or
phosphorus to bond with active sites on metal surfaces. Some common organic inhibitor families
used in industry include: amines, amides, acetylenic alcohols, carboxylates, oxadiazoles,
mercaptans, sulfoxides, phosphonates, imidazolines, triazoles, and thiazoles [142-144]. There has
been substantial focus on utilizing petroleum industry byproducts and waste streams as a low-

cost feedstock for producing effective oil-soluble organic corrosion inhibitors [145].

While organic inhibitors can perform extremely well under many conditions, temperature is
an important consideration in inhibitor selection and application. Some organic compounds have
thermal stability limitations or lose effectiveness in protecting metals at elevated temperatures,
placing constraints on their useful temperature range for corrosion prevention in high

temperature systems. Understanding these temperature limitations and compensating for them
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with inhibitor blends or alternatives is important for ensuring robust long-term corrosion

protection.

ii. Inorganic inhibitors

Mineral inhibitors are chemical compounds commonly utilized to prevent corrosion in
industrial systems. They are often employed in neutral, alkaline, or less frequently, acidic
aqueous environments. When dissolved, the mineral molecules dissociate into cations and anions
that interfere with corrosion reactions through various mechanisms. The most widely used
inhibitory cations are calcium (Ca®") and zinc (Zn>"). These divalent cations can interact with
anions like hydroxide (OH") to form insoluble compounds that deposit on metal surfaces,
shielding them from corrosion. Common inhibitory anions include oxo-anions with the general
formula X0}~ such as chromates, molybdates, phosphates, silicates and more [147-148]. The
oxo-anions react with metal ions to form thin passive films on metal surfaces that slow corrosion

rates.

The number of mineral inhibitors in use is decreasing because many have harmful
environmental side effects. However, new non-toxic organic complexes composed of
chromium(III) or other cations like Zn**, Ca?*, Mg?*, Mn**, Sr**, AI**, Zr**, and Fe?*" have been

developed and remain effective corrosion inhibitors [129].

Additional factors that influence the performance of mineral inhibitors include solution pH,
temperature, velocity, and more. Inorganic inhibitors tend to work best at pH levels between 6-
10. Higher velocities and temperatures typically accelerate corrosion reactions thus decreasing
efficiency. The optimal dosage of inhibitors also depends on the specific system conditions and
treatment goals. Understanding these variables allows corrosion engineers to model and predict

inhibition behavior.

1.2.7.2 Classification by Electrochemical Mechanism of Action
Corrosion inhibitors can be classified based on their mechanism of action within
electrochemical corrosion processes occurring in liquid phases. This process that occurs when

metals are exposed to liquid environments involves two key reactions :

- an anodic reaction where the metal itself is oxidized and dissolved

M ——— M"™+ne”
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Example : Fe ——» Fe?*+2e”
- a cathodic reaction where an oxidant species in solution is reduced.
2H*+ 2e™ ——— H> (acidic deoxygenated environment)
O2 +4H*+ 46~ ——— 2H20 (acidic aerated environment)

Corrosion inhibitors act to slow down either or both of these reactions, effectively decreasing the

overall corrosion rate.

More specifically, if an inhibitor acts by selectively blocking surface sites where the anodic
metal dissolution reaction takes place, hindering the metal's oxidation, it is termed an anodic
inhibitor. Anodic inhibitors are a type of corrosion inhibitor that function by affecting the anodic
portion of the metal's polarization curve. Specifically, they cause a positive shift in the corrosion
potential Ecorr to higher values, making the metal less prone to corroding. There are several ways

anodic inhibitors cause this beneficial shift:

1- decreasing the exchange current density 10 for metal dissolution,

ii- modifying the slope of the anodic Tafel line while maintaining Tafel-like kinetic
behavior,

1ii- polarizing the metal into the passive region of the polarization curve and inducing
passivation,

iv- decreasing the passive current density ipass Once passivity is achieved.

Mechanisms (i) and (ii) involve manipulating the kinetics of the anodic half-reaction by
reducing the rate of metal dissolution. Mechanisms (iii) and (iv) involve enhancing passivity
by stimulating formation of a protective oxide film and making this film more impermeable

to 1on transfer [136].

Effective anodic inhibitors are often oxidizing agents or passivating chemicals that
promote growth of the native oxide layer naturally present on most metal surfaces. By
maintaining, repairing, or thickening this passive film, anodic inhibitors make the surface
more resistant to corrosion. Adequate inhibitor concentrations above a critical threshold value
are required to achieve stable passivation. If the concentration is too low, the inhibitor may
actually exacerbate corrosion [136, 150-151]. The concentration-dependent effectiveness
relates to the need to polarize the metal above its Flade potential Er into the passive region

[155].
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Figure 1.13 Impact of an anodic inhibitor on specific electrochemical reactions within the
Evans diagram [189].

Some common examples of anodic inhibitors are chromates, molybdates, silicates, nitrites,
phosphates, and other oxidizing chemicals [152-153]. These compounds provide passivity and
reduce the corrosion rate by forming a protective oxide layer that prevents the anodic half
reaction, which involves metal ion dissolution into the surrounding environment. Anodic
inhibitors are most useful and effective in acidic, oxidizing conditions where passive films
require assistance to persist [154]. Overall, anodic inhibitors are an important corrosion
prevention method that function by manipulating the anodic kinetics and physics to maintain a
passive surface film. On the other hand, inhibitors that function by blocking surface sites where

the cathodic reaction occurs, slowing the reduction of oxidants, are known as cathodic inhibitors.

Cathodic inhibitors are a type of corrosion inhibitor that acts by reducing the rate of the
cathodic half-reaction in the corrosion process. The cathodic reaction represents the first step of
corrosion, where the metal surface gains electrons by reducing species like oxygen or hydrogen
ions. Cathodic inhibitors work through several mechanisms to slow down this electron transfer
reaction. One common mechanism is precipitating out of solution as barrier films on active
cathodic surface sites on the metal. Examples of precipitating inhibitors include bivalent cations
like zinc, and magnesium, as well as anions like phosphates and silicates. The precipitated
compounds form thin, compact oxide or hydroxide layers that block access of oxygen and
hydrogen species to the surface. By preventing contact between the metal and reducing agents,

the cathodic reaction kinetics decrease.
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Other cathodic inhibitors function by adsorbing directly onto the metal surface. Adsorbed
inhibitors increase the overpotential required for proton reduction to hydrogen gas. They also
decrease the transport limited current by hindering diffusion of dissolved oxygen to the surface
[156]. Both effects make it more difficult for the cathodic reaction to proceed, requiring more
energy and reducing the electron transfer rate. While very effective at retarding the kinetics of
the cathodic half-reaction, cathodic inhibitors are generally less efficient than anodic inhibitors at

equivalent concentrations [136].
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Figure 1.14 Impact of an cathodic inhibitor on specific electrochemical reactions within the
Evans diagram [189].

The cathodic reaction depends on the solution conditions - in aerated environments, it is the
reduction of dissolved oxygen, while in acidic conditions, the reduction of protons (H") tends to
predominate. In fact, in acidic solutions, the proton reduction reaction is so fast that the dissolved

oxygen reduction reaction is often negligible in comparison [149].

One drawback of some cathodic inhibitors is they increase susceptibility to hydrogen
embrittlement. As the cathodic reaction is hindered, there is more hydrogen absorbed into the
metal lattice. This absorbed hydrogen can combine to form gas pockets and cracks that weaken
the metal over time. However, used properly, cathodic inhibitors are useful corrosion prevention

tools, especially in low-oxidant environments like alkaline solutions. By deposition of barrier
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films and hindering the supply of electrons from reduction reactions, cathodic inhibitors slow the

corrosion rate through surface-specific effects on the cathodic half-reaction [157-158].
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Figure 1.15 Influence of a mixed inhibitor on specific electrochemical reactions within the Evans

diagram [189].

While anodic and cathodic inhibitors target one reaction or the other, mixed inhibitors are
capable of decreasing the rates of both the anodic metal dissolution and cathodic oxidant
reduction reactions simultaneously. By concurrently hindering both half reactions, they can
achieve greater reductions in the overall corrosion rate. These inhibitors are predominantly
composed of organic compounds that form a protective film on the metal surface. This film is
dynamic in nature, possessing the ability to self-repair or reform when damaged, a property

known as self-healing.

The effectiveness of mixed inhibitors in preventing corrosion is contingent upon a multitude
of factors. Firstly, the affinity of the inhibitor molecules to the metal surface plays a crucial role,
as strong adsorption is essential for the formation of a stable film. Surface preparation is another
critical factor, as the condition of the metal surface can influence the adhesion and uniformity of

the protective layer.
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The chemical composition and applied concentration of the corrosion inhibitor itself are also
significant determinants of its efficacy. The presence of specific functional groups, heteroatoms,
and unsaturated bonds can enhance the adsorption and film-forming capabilities of the inhibitor.
Additionally, the pH of the electrolyte and the presence of dissolved salts can affect the
performance of the inhibitor by altering the electrochemical processes and the solubility of the
inhibitor molecules [159-160]. Temperature and pressure are also important factors that influence
the adsorption process of the inhibitor molecules onto the metal surface. Furthermore, mixed
inhibitors often incorporate unsaturated bonds, such as double or triple bonds, which can serve as
adsorption centers through the delocalized m electrons [161-163]. The presence of these

unsaturated bonds can enhance the adsorption and film-forming capabilities of the inhibitor.

Most mixed inhibitors used in the oil and gas industry feature a long-chain hydrocarbon
structure, typically ranging from C14 to C18, which provides additional hydrophobic interactions
with the metal surface and contributes to the stability and self-healing properties of the protective
film [136]. Examples of commonly used mixed inhibitors include aldehydes, thiourea, acetylene,
nitrogen quaternary salts, sulfur compounds (such as thioalcohols or mercaptans and organic

sulfides), sodium salts of aromatic carboxylic acids, and salts of higher fatty acids [164].

The mechanism of corrosion inhibition therefore depends on whether the inhibitor selectively
blocks anodic sites, cathodic sites, or both anodic and cathodic sites on the metal surface exposed
to the corrosive environment. In summary, the mechanism of action by which each type of
inhibitor is distinct and relies on the characteristics of the metal and the surroundings where it is

utilized.

Two noteworthy points deserve consideration regarding the classification and nature of
corrosion inhibitors. Firstly, it is rare for an inhibitor to act exclusively on only either the
cathodic or anodic partial reaction. In most cases, both reactions are affected to a certain extent
by the inhibitor. Therefore, the classification of inhibitors as anodic, cathodic, or mixed should
be viewed as a useful distinction only when the inhibitor predominantly affects one of the partial
reactions while having a minimal impact on the other (Figure 16). Secondly, the examples
presented clearly illustrate that a wide range of substances can act as corrosion inhibitors. Indeed,
any foreign species present in the solution will interact with the metal surface, and in most cases,

this interaction, such as adsorption, will decrease the rate of metal dissolution.
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Figure 1.16 The impact of a mixed inhibitor, with a predominant effect on one of the partial

electrochemical reactions, within the Evans diagram [189].

Consequently, it becomes a relatively straightforward task to introduce an organic substance with
some affinity for the metal surface into the solution, as such a substance will inherently act as a

corrosion inhibitor [136].

Within the oil and gas industry, corrosion inhibition is typically achieved through the use of
inhibitor formulations, which are mixtures comprising various compounds. These formulations
are designed to provide comprehensive protection against corrosion by leveraging the synergistic
effects of different inhibitor components. However, the exact compositions of these inhibitor
formulations are often treated as proprietary information and are not publicly disclosed by the

companies that develop and manufacture them [136].

1.2.7.3 Classification by Interface Mechanisms and Principles of Action

An alternative approach to classifying corrosion inhibitors is based on their mode of
attachment and interaction with the metal surface. This classification system distinguishes
inhibitors into two main categories: adsorption inhibitors, also known as "interface" inhibitors,
and interphase inhibitors. Adsorption inhibitors are more commonly observed and employed in
acidic environments. These inhibitors function by forming mono- or bi-dimensional films of
inhibitor molecules that adsorb onto the metal surface. The adsorption process involves the

inhibitor molecules forming a protective layer, typically composed of a single or double layer of
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molecules, on the metal surface. In contrast, interphase inhibitors are specifically designed for
use in neutral or alkaline environments. These inhibitors form three-dimensional films that not
only involve the adsorption of inhibitor molecules but also integrate the dissolution products of
the substrate material itself. The formation of these interphase films is a more complex process,
where the inhibitor molecules interact with the metal surface and incorporate the dissolved metal

ions or other corrosion products, creating a multi-layered, three-dimensional protective film.

The adsorption of inhibitor molecules onto the metal surface is a universal phenomenon
driven by the presence of unsatisfied chemical bonds on the surface atoms. Surfaces, by nature,
have atoms that lack complete coordination and have unfilled electronic orbitals, creating a
tendency to capture and adsorb atoms and molecules from the surrounding environment. This
adsorption process is governed by two main types of interactions: physisorption and

chemisorption.
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Figure 1.17 Schematic representation depicting the adsorption modes of organic inhibitor

molecules on a metal surface, as referenced by [136].
i. Physisorption

Physical adsorption, also known as physisorption, is one of the primary mechanisms by
which corrosion inhibitors interact with and adhere to metal surfaces. This type of adsorption is
governed by relatively weak intermolecular forces, such as van der Waals forces and electrostatic

interactions, between the inhibitor molecules and the metal surface. The electrostatic interactions
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that drive physisorption arise from the presence of charged species or dipoles in the inhibitor
molecules and the electrical charge on the metal surface. The charge on the metal surface is
determined by the position of the corrosion potential of the metal relative to its zero-charge

potential (Eo), which is a characteristic value for each metal-electrolyte system [165-166].

When the corrosion potential of the metal has a value lower than Eo, the metal surface carries
a positive charge, favoring the adsorption of cationic inhibitor species. Conversely, when the
corrosion potential is in the positive region relative to Eo, the metal surface is negatively charged,

promoting the adsorption of anionic inhibitor species.

In some cases, the surface charge can be modified by pre-adsorbing an intermediate ionic
layer before the inhibitor adsorbs. This occurs with quaternary ammonium inhibitors (RNHa4)" in
acidic media. If the intrinsic metal surface is positively charged under those conditions, the
cationic (RNH4)" would be electrostatically repelled and not inhibit. However, introducing
chloride anions first allows them to adsorb and negatively charge the surface. Then the (RNH4)"
cations can subsequentially adsorb atop the chloride layer and inhibit corrosion effectively
[136,167]. So the surface charge, governed by Ecorr vs Eo, dictates whether cations, anions, or
pre-adsorbed ionic interlayers are needed for an inhibitor to adsorb and provide inhibition. This

electrostatic tuning of the surface is key to optimizing inhibitor-surface interactions.
ii. Chemisorption

Chemisorption is a more prevalent and efficient mechanism than physisorption for corrosion
inhibition. It involves a transfer of electrons between the orbitals of the metal surface and the
inhibitor molecule, resulting in the formation of much stronger chemical bonds with substantially
higher bond energies compared to physisorption. Chemisorption is an irreversible process that is
highly specific to the particular metal involved. It is a rapid phenomenon, with the rate being
dependent on temperature, and characterized by a high activation energy barrier that must be

overcome.

The key factor enabling chemisorption is the presence of electron-rich sites or moieties in the
inhibitor molecule that can facilitate electron transfer to the metal surface. Such electron-rich
centers include free electron pairs as found in anionic species, neutral molecules containing lone

pairs of electrons, as well as delocalized n-electron systems associated with multiple bonds (e.g.
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double or triple bonds) or aromatic rings [168-169]. The existence of unsaturated bonds is
particularly advantageous for enhancing the inhibitory efficiency of organic molecules in acidic
media, as they can adsorb readily onto either positively charged surfaces (via the n-electrons) or
negatively charged surfaces (via partial positive charges on the unsaturated atoms). There is a
clear trend observed when considering the tendency for strong chemisorptive bonding - it
increases as the electrons involved become less tightly bound to the donor atom in the inhibitor
molecule. In other words, the more readily the functional atoms (those providing the electron
density) can donate electrons to form new bonds with the metal surface, the more effective the
inhibitor will be. For a series of structurally similar organic inhibitor molecules differing only in
their functional atom/group, the inhibition efficiency increases in the order O <N < S < Se <P,

which follows the decreasing electronegativity of these atoms/groups [170-171].

Apart from the specific functional groups, several other structural factors pertaining to the
inhibitor molecule can influence its adsorption behavior and consequently its inhibition
performance. These include the overall molecular structure, particularly steric effects arising
from the size and shape of the molecule, as well as the molecular weight. Organic inhibitors
employed for acidic corrosion environments comprise a diverse array of molecules, including
aromatics and macromolecules featuring linear or branched hydrocarbon chains [172]. These
adsorb onto the active sites present on the metal surface without altering the fundamental
mechanisms of the partial electrochemical reactions involved in corrosion. By blocking access to
these reactive sites, they are able to reduce the rates of the cathodic and/or anodic corrosion

processes in proportion to the fraction of active sites covered by the inhibitor layer.

Effective organic corrosion inhibitors typically possess an amphiphilic molecular structure
comprising a non-polar, hydrophobic component made up primarily of carbon and hydrogen
atoms (often a bulky hydrocarbon segment), coupled with a polar, hydrophilic component
embodied by one or more functional groups such as -NH2 (amine), -SH (mercapto), -OH
(hydroxyl), or -PO3~ (phosphonate) [129]. The inhibitor molecule anchors itself to the metal
surface through this polar functional group, while the non-polar, bulkier segment helps sterically

block further access to the surface, thereby providing corrosion protection.

Some additional structural descriptors that have been found to exert an influence on the

effectiveness of organic inhibitors include: the molecular area projected onto the metal surface
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(which depends on the different possible orientations and packing arrangements of the adsorbed
inhibitor ions/molecules at the metal-solution interface), the molecular weight (with higher
weights often correlating with improved performance up to a certain limit), precise molecular
conformation adopted at the interface, and the specific nature as well as positioning of any
substituents present on the core inhibitor framework [169, 173-175]. Overall, chemisorption
grants organic inhibitor molecules the ability to bind tenaciously to metal surfaces in corrosive
environments, thereby providing robust protection against the deleterious effects of corrosion by
impeding the underlying electrochemical processes. A nuanced understanding of the structural
attributes that favor chemisorptive interactions is crucial for the rational design of high-
performance corrosion inhibitors tailored for specific operational conditions.

[=== Physisorption
e Chemisorption

Corrosion
. inhibitor

Protonated

Non-bonded

Figure 1.18 illustrates the process of physical and chemical adsorption, as sourced from [190].

1.2.7.4 Classification by Field of Application

Corrosion inhibitors are widely used across many industries and application areas, with their
selection being heavily influenced by the nature of the environment they need to operate in. A
major categorization is based on whether the corrosive medium is aqueous or non-aqueous. For
aqueous systems, inhibitors are further subdivided based on the pH (acidity/basicity) and
chemical composition of the solution. In acidic aqueous media, acid corrosion inhibitors are
employed. These find extensive use in processes like acid pickling of steels, where they prevent

excessive metal dissolution during the controlled removal of oxide scales. The oil and gas
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industry is a major user of acid inhibitors in drilling muds and well treatment fluids which are

often highly acidic.

In neutral aqueous environments like cooling water systems, heat exchangers, and water-
based coatings/paints, corrosion inhibitors tailored for those conditions are used. These may
include phosphates, molybdates, zinc compounds and other salt formulations designed to provide

corrosion resistance without disrupting process chemistry [176].

Non-aqueous media also require corrosion inhibition, with organic inhibitors being more
compatible. Large volumes are used in lubricating oils and fuels like gasoline, which can pick up
moisture or contain ionic contaminants that destabilize oil films and cause corrosion of metallic

engine components. The inhibitors help neutralize these effects [177].

For vapor/gas phase protection, volatile corrosion inhibitors (VClIs) or vapor phase inhibitors
(VPIs) with high vapor pressures are typically used. These are often amines or other organic
compounds that can diffuse through an enclosed atmosphere and form protective inhibitor films

on exposed metal surfaces during storage and shipping of packaged items [178].

Overall, the wide variety of corrosive conditions and industrial applications necessitates
having access to a diverse array of corrosion inhibitor formulations. These inhibitor chemistries
must be judiciously chosen based on factors such as the precise nature of the corrosive
environment, the need for the inhibitor to be compatible with other system components, and the

level of corrosion protection required for that specific situation.

1.2.8 Influence of Concentration on the Inhibitory Effect

The relationship between the amount of corrosion inhibitor adsorbed onto a metal surface and
its concentration in the bulk solution can frequently be modeled using adsorption isotherm
equations. While various adsorption isotherm models exist, not all are well-suited for analyzing
the adsorption behavior of corrosion inhibitors. In the context of corrosion inhibition studies,
three specific isotherm equations are commonly employed - the Langmuir, Temkin, or

Freundlich models.

i. Langmuir Adsorption Isotherm:

The Langmuir model is based on several key assumptions:
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» The metal surface contains a fixed number of adsorption sites available for inhibitor
species [179].

» Each site can accommodate no more than one adsorbed inhibitor molecule or ion [180].

» All surface sites are energetically equivalent with no preferential adsorption regions
[181].

» There are no interactions between inhibitor species already adsorbed on neighboring sites
[180].

» Adsorption is restricted to a monolayer coverage, with no multilayer formation [180].

Under these idealized conditions, the Langmuir model states that the rate of inhibitor
adsorption is directly proportional to the inhibitor concentration (Cinh) in the solution and the
fraction of surface sites that are unoccupied (1-0), where 0 represents the fractional surface

coverage (0 <0 <1).
Adsorption Rate = Kads (1-8) Cinn (1.10)
Conversely, the rate of desorption depends solely on the fraction of occupied sites (0):
Desorption Rate = Kaes 0 (I.11)
At equilibrium, the adsorption and desorption rates are balanced:
Kads (1-0) Cinh = Kdes 0 (1.12)

Rearranging this equation yields the classic Langmuir adsorption isotherm:

0 _ Kads
(1-9) Kdes

Cinh = b Cinn (I1.13)

Where: Kads is the Langmuir adsorption equilibrium constant.

The surface coverage 0 can then be calculated from the inhibitor concentration C as:

— b Cinh
1+b Cjnn

(1.14)

This Langmuir model has been widely applied to analyze corrosion inhibitor adsorption

despite its simplifying assumptions. It often provides a reasonable approximation, especially at
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lower surface coverages before lateral interactions become significant. However, when the
assumptions break down, such as with inhomogeneous surfaces or strong intermolecular forces,
other isotherms like Temkin or Freundlich may better represent the experimental inhibitor

adsorption behavior over a wider range of concentrations and coverages.

ii. Temkin Adsorption Isotherm:

Unlike the Langmuir model, the Temkin isotherm accounts for interactions between adsorbed

inhibitor species on the metal surface. The key assumptions are:

» The free energy of adsorption is a linear function of surface coverage (0) [182].

» The adsorption energy decreases linearly with increasing coverage due to adsorbate-
adsorbate interactions [183].

» The chemical rate constants depend on the surface coverage [182].

» Adsorbed species can experience lateral attractive or repulsive forces from neighboring

adsorbates [184].

The Temkin isotherm equation relates the surface coverage to the inhibitor concentration as

follows:

exp(af)—-1

b Cinh = 1—exp (—a (1-6))

(1.15)

Where: a is the interaction constant related to the adsorbate-adsorbate attractive/repulsive forces,

b is the adsorption coefficient and Cinn is the inhibitor concentration in the electrolyte solution.

The a parameter accounts for the net attractive (a < 0) or repulsive (a > 0) interactions

experienced by adsorbed inhibitor species due to surrounding adsorbates.

iii. Freundlich Adsorption Isotherm:

The Freundlich isotherm model accounts for the possibility of multilayer adsorption occurring on
a heterogeneous surface composed of adsorption sites with varying binding energies [185]. It
differs from the Langmuir and Temkin models which assume monolayer adsorption on
energetically equivalent sites. The Freundlich isotherm equation is an empirical relationship

expressed as:

bg9=bgK+%bng (1.16)
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Where: K and n are Freundlich constants relating to adsorption capacity and intensity

Unlike the Langmuir and Temkin equations derived from theoretical considerations, the
Freundlich isotherm is a purely empirical model that does not provide explicit information about
the underlying adsorption mechanism or adsorbate-adsorbent interactions [186]. However, the
Freundlich isotherm can still serve as a useful tool for fitting experimental adsorption data,
especially when dealing with inhibitor systems exhibiting multilayer behavior on heterogeneous
metallic surfaces. Analyzing the Freundlich constants K and n allows for qualitative comparisons

of the adsorption capacities and intensities between different corrosion inhibitors.

Determining which classical adsorption isotherm (Langmuir, Temkin, Freundlich, etc.)
provides the best fit for a particular inhibitor system can be quite challenging. Adsorption on
heterogeneous surfaces with significant lateral interactions often corresponds more closely to

Temkin-type behavior.

However, caution must be exercised when interpreting calculated surface coverages from
isotherm fits, as the idealized assumptions of each model may not fully capture the complex
inhibitor-surface interactions occurring in real corrosion systems. Factors like surface roughness,
oxide layers, co-adsorbed species, and inhibitor speciation can significantly alter adsorption.
Nonetheless, adsorption isotherm analysis remains a powerful tool for quantifying inhibitor
adsorption, provided the limitations of each model are acknowledged. Complementary
experimental techniques probing the adsorbate-surface interface are beneficial for validating the

adsorption behavior predicted by isotherm fits.

1.2.9 Influence of Temperature on Corrosion Inhibition

The influence of temperature on the performance of corrosion inhibitors, especially in
aggressive acidic media, has garnered significant research attention due to its relevance in high-
temperature industrial processes like acid pickling, descaling, and removal of corrosion products
from metallic equipment and installations. In these harsh environments, inhibitors play a crucial
role in mitigating the severe acid attack on the metal surfaces. Numerous investigations have
been conducted to elucidate the effects of temperature on the inhibition efficiency for various
metal-inhibitor-acid systems. Comprehensive studies on the corrosion inhibition of steel, copper,
and ARMCO iron in sulfuric acid solutions over wide temperature ranges, typically 30-65°C and

20-80°C, have consistently revealed a decrease in the inhibitor's protective capability as the
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temperature increases. This temperature dependence of the corrosion rate can be quantified using
the Arrhenius equation, enabling the determination of the apparent activation energy (Ea) in the

absence of inhibitors and the activation energy (E.i) in the presence of inhibitors.

-E,
RT )

Veorr = Aexp( (I 1 7)

Where: Ea the activation energy, A a constant, R the gas constant, T the absolute temperature and
Veorr the corrosion rate

Based on the relative values of Eai compared to Ea, Radovici proposed a classification scheme

that distinguishes three distinct categories of inhibitor behavior:

» Eai > Ea: In this category, the inhibitor molecules are adsorbed onto the metal substrate
primarily through relatively weak electrostatic or physisorption interactions [187]. These
inhibitors exhibit a significant reduction in their protective efficacy at elevated
temperatures due to the temperature sensitivity of the weak physisorption bonds, which
can readily desorb under thermal activation.

» Eai < Ea: This group encompasses inhibitors that form strong chemisorption bonds with
the metal surface, facilitated by the sharing or transfer of electrons between the inhibitor
molecules and the substrate [187]. Remarkably, these inhibitors demonstrate an increase
in their protective power with rising temperature, as the chemical adsorption process is
favored under higher thermal conditions.

» Eai = Ea: A rare scenario where the inhibition efficiency remains essentially unchanged
with temperature variations, suggesting a temperature-independent adsorption mechanism

[188]. However, very few inhibitor compounds exhibit this behavior.

The observed decrease in inhibitor performance at higher temperatures has been attributed to
shifts in the adsorption/desorption equilibrium, favoring desorption and disrupting the protective
inhibitor layer on the metal surface. Additionally, some researchers have proposed that a
transition from physisorption to chemisorption mechanisms may occur as the temperature
increases, which could potentially enhance the inhibition efficiency if the inhibitor molecules can
form strong chemical bonds with the substrate. Significantly, several studies have indicated that
despite the general trend of declining inhibitor effectiveness with temperature, a sufficiently high

inhibitor concentration can still provide satisfactory corrosion protection at elevated
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temperatures. By maintaining an adequate supply of inhibitor species in the solution, the
adsorbed inhibitor layer on the metal surface can be replenished, counteracting the disruptive

effects of thermal desorption and ensuring continued mitigation of acid attack.

This temperature-dependent behavior of corrosion inhibitors underscores the importance of
carefully selecting and optimizing inhibitor formulations based on the specific operating
conditions, particularly when high-temperature acid exposure is involved. A comprehensive
understanding of the inhibitor-substrate interactions, adsorption mechanisms, and temperature
effects is crucial for designing effective corrosion control strategies and ensuring the long-term

integrity of metallic assets in harsh industrial environments.
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Chapter 2
experimental conditions
I1.1 Introduction

This chapter elucidates the experimental methodologies employed and is structured into two
distinct sections. The initial section delineates the diverse synthesis routes adopted for the
preparation of triazole-based compounds and their corresponding metal complexes with Cu®*,
Co?*, Fe**, and Ni*" ions, which form the core of this study. The subsequent section provides a
comprehensive description of the array of physicochemical, structural, and microstructural
characterization techniques used to analyze and study the various materials synthesized during this

research endeavor.

I1.2 Structure and Synthesis of the Studied Compounds

The study investigated the corrosion inhibition efficiency of three Schiff bases, all bearing the
same triazole moiety (4-Amino-4H-1,2,4-triazole) but differing in their aldehydic moieties. The
names, structures, and abbreviations used for these Schiff base inhibitors are presented in Table
II.1. The synthesis and characterization of these compounds were carried out, and their respective
structural features were thoroughly analyzed to establish a correlation between their molecular

structures and their inhibition performance towards corrosion processes.

CoF )
N=\
1 N=-N=
HO =10) N=/
=\
d I}] N-N= OH
Br N=/ Br
EtOH , AcOH
=\ -H,O
[\Il N-NH, + —ZD'-
N= Ref, 80°C N=\
0= OH I{J;-_-_/N_N_ OH
N=N o
O_ rl\l::-__/N_N CH3

0]
\Y =\
CHs N=NG =
O o
Scheme I1.1 Synthesis of Trz-A, Trz-B, Trz-C, Trz-D and Trz-E
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The triazole-based Schiff base compounds were synthesized via a condensation reaction
between 4-Amino-4H-1,2,4-triazole and three different substituted benzaldehydes, as depicted in
Scheme 1. An equimolar mixture consisting of 1 mmol of 4-Amino-4H-1,2,4-triazole and 1 mmol
of the respective aldehyde (5-bromo-2-hydroxybenzaldehyde, 3-bromobenzaldehyde, and 4-
methylbenzaldehyde) was prepared in approximately 5 ml of absolute ethanol. A catalytic amount
of glacial acetic acid was added to the mixture, which was then stirred and refluxed for
approximately 4 hours. After the reflux period, the reaction mixture was cooled, and the separated
solid product was isolated by filtration. The obtained solid was washed with water and dried.
Subsequently, the product was recrystallized from aqueous ethanol to improve its purity and

crystallinity.

Table II.1 Structures, Names, and Abbreviations of Compounds Synthesized During This Study

Structure Name Abbreviation
N AN - 1-phenyl-N-(4H-1,2,4-triazol-4-yl)methanimine Trz-A
N=/
~ 2-(((4H-1,2,4-triazol-4-yl)imino)methyl)phenol Trz-B
\N-n=" o
N=/
Br
N é\N Nl y 2-(((4H-1,2,4-triazol-4-yl)imino)methyl)-4- Trz-C
I p—
N/ bromophenol
Br
N 4\N N 1-(3-bromophenyl)-N-(4H-1,2,4-triazol-4- Trz-D
| N—
N=/ yl)methanimine
CHj
1-p-tolyl-N-(4H-1,2,4-triazol-4-yl)methanimine Trz-E
NTINN
N~/
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This synthetic procedure yielded the desired triazole-based Schiff base compounds, which were

further characterized and evaluated for their corrosion inhibition properties.

I1.3 Electrochemical characterization techniques

I1.3.1 Working electrode preparation

The preparation of the working electrode involved several crucial steps. A cylindrical sample,
approximately 1 cm in length, was cut from an XC48 carbon steel stock rod with a diameter of
0.62 cm. To establish an electrical connection, a suitable length of copper wire was spot-welded to
one end of the sample, as shown in Figure 1. The cross-sectional surface area of the specimen was
calculated to be 0.302 cm?. The surfaces of both the cut ends and the body of the sample were
slightly polished to remove any traces of contaminants and to achieve a relatively flat surface at
the cut edges. Subsequently, the cut sample was degreased in ethanol and coated with a rapid
adhesive araldite resin and hardener. This coating was applied to improve the adhesion of the epoxy
mounting resin to the metal, thereby reducing the tendency for crevice corrosion to occur at the

edge of the mounting resin.

Plastic Tube

Copper Wire
T T
—Epoxy
|- cs
e
A 0302 cm?

Figure II.1 schematic diagram for the working electrode

The exposed surface of the test specimen was initially prepared by polishing with a series of
successively finer grades of silicon carbide abrasive papers. The initial grinding was performed

using a 400-grade silicon carbide paper, followed by progressively finer abrasive grades, up to a
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final polishing with a 2000-grade paper. After polishing, the specimen was degreased in ethanol,
washed with distilled water, and finally dried.

The specific composition of the working electrode, as provided by the supplier, is given in

Table 2 below.

Table I1.2 Chemical composition of XC48 Carbon Steel in weight percentage

Elements C S Mn P Si
wt.% 0.52-0.50 <0.035 0.50-0.80 <0.035 0.40 max

I1.3.2 Description of Electrochemical Cells
The electrochemical tests were conducted using a cylindrical Pyrex glass cell with a double
wall (to fix the working temperature), as shown in Figure 2 The cell was equipped with a lid that

allowed the integration of the following components:

» A saturated calomel reference electrode (SCE) with a standard potential of 0.241 V with
respect to the standard hydrogen electrode (SHE).

» A counter electrode in the form of a platinum grid, placed parallel to the working electrode
to ensure a uniform distribution of field lines.

» A working electrode, which was the sample to be analyzed (XC48 Carbon Steel).

The tests were performed using a BioLogic SP-300 potentiostat equipped with an integrated
frequency meter, enabling electrochemical impedance spectroscopy (EIS) measurements. The
potentiostat was connected to a computer, allowing for control, data acquisition, and processing
through the EC-Lab V11.42 software. Multiple measurements were conducted to evaluate the

reproducibility of the results.
The electrochemical tests followed a specific sequence:

» Measurement of the corrosion potential for 25 minutes.

» Electrochemical impedance spectroscopy (EIS) analysis performed after 25 minutes, with
a frequency range from 100 kHz to 10 mHz and a perturbation amplitude of £10 mV with
respect to the corrosion potential (Ecorr).

» Potentiodynamic measurement or polarization curve (I = f(E)) analysis.
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This experimental setup and procedure ensured the accurate and reliable acquisition of
electrochemical data for the investigation of the corrosion behavior of the XC48 Carbon Steel

sample under various conditions.

(O potentiostat [r071.067] (@)

0066466096 D

J—
z W

counter electrode
- platinum grid

Current (I)

working electrode
- XC48 Carbon Steel

potential (E)

reference electrode
-SCE (0.241V/SHE)

Figure I1.2 Schematic representation of the experimental setup

I1.4 Weight loss measurements

weight loss measurements were carried out according to the standard procedure of ASTM G31-
72. These experiments were performed at 25°C with various inhibitor concentrations. Before the
experiment, the previously weighed carbon steel specimens (7.76 cm? of surface area) were
mechanically polished with various silicon carbide abrasive papers (grades 200, 400, 800, 1000
and 2000) these specimens were dipped carefully in 100 mL of 1 M HCI in the absence and
presence of different concentrations of inhibitors for 24 h. After the immersion time, the CS
specimens were then taken out, washed with distilled water, dried, and finally weighed again. All
measurements were carried out in triplicate to ensure reproducible and reliable results. The
corrosion rate (CR), inhibition efficiency (n..%) and surface coverage (0) can be calculated by

using the following equations :

Cr = W (IL1)

B AXtXp
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N (%) = (1- E—;;) x 100 (IL.2)
wt (%
=200 (IL3)

Where W is the carbon steel weight loss (g), A is the exposed surface area (cm?), t is the immersion
time (h), p is the steel density (7.86 g/cm?), K is a constant which depends on the corrosion rate
units, in this case equals 8.76 x 10* C2 and Cr are corrosion rate in absence and presence of

inhibitors (mmy ).

I1.5 Quantum chemical calculations

The quantum chemical calculations in the present work were performed using the Gaussian
09W software. The optimization of the neutral and cationic forms of the studied molecules was
carried out using the density functional theory (DFT) method employing the B3LYP functional
and the 6-311++G(d,p) basis set. The molecular geometries of both the neutral and cationic species
were fully optimized at this level of theory. Subsequently, the corresponding quantum chemical
parameters, such as molecular energies, frontier molecular orbitals, and other relevant descriptors,
were obtained from these calculations and analyzed in detail to gain insights into the structural and
electronic properties of the investigated molecules. Thus, a number of global and local molecular
reactivity indices, such as: the energies of the highest occupied and lowest unoccupied molecular
orbital (Enomo and ELumo), the energy gap (AE), the electronegativity (y), global hardness (1) and
softness (o) and the fraction of transferred charge (AN) were determined to correlate the corrosion
inhibition activity with the structures of the investigated molecules. The mathematical operations

related to these concepts are given as follows:

IP = - Enomo (11.4)
EA=-ELumo (IL5)
_ IP+EA (I1.6)
2
_ IP-EA (IL7)
2
_1
c= . (I1.8)
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The electron transfer fraction (AN) serves as a quantitative parameter to evaluate the electron-
donating or electron-accepting capability of a molecule when interacting with a metal surface, as

calculated using Equation

_ WPFe~ Xinn
A =_Tre tinh IL.
N(“O) 2(MFe™t Nink) ( 9)
Here, @re and nre denote the work function and absolute hardness of the iron metal, respectively,
with values 0of 4.82 eV and 0.0 eV. Similarly, xinh and ninh represent the electronegativity and global

hardness of the inhibitor, respectively.
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Chapter 3
Study of the Corrosion Inhibition of XC48 Carbon Steel

I11.1 Introduction

This chapter explores the investigation of triazole-based organic compounds as potential
corrosion inhibitors for XC48 carbon steel in a 1 M HCI solution. The triazoles, a class of
heterocyclic compounds featuring a five-membered ring containing three nitrogen atoms, exhibit
unique structural characteristics that render them promising candidates for corrosion inhibition.
The presence of nitrogen atoms and an aromatic ring system within these molecules provides
multiple sites for interaction with the metal surface, potentially leading to strong adsorption and

the formation of a protective film.

II1.2 Gravimetric analysis

The evaluation of corrosion inhibition performance is a critical aspect in numerous industries
where metallic materials are exposed to aggressive environments. Among the various techniques
employed, weight loss analysis, also known as gravimetric analysis, stands out as one of the
simplest and most widely recognized strategies. This method provides a direct and quantitative
assessment of the inhibitory efficacy of compounds by measuring the weight loss of metal

samples before and after exposure to corrosive media.

In the present study, the weight loss analysis was conducted by immersing Carbon steel (CS)
samples in a 1 M hydrochloric acid (HCI) solution for a duration of 24 hours at a controlled
temperature of 25°C. The experiments were carried out in the absence and presence of varying
concentrations of three investigated compounds, Trz-C, Trz-D, and Trz-E, to evaluate their

inhibitory performance against CS corrosion in the acidic environment.

For the blank sample without any inhibitor, the weight loss was 0.224 g, corresponding to a
corrosion rate of 13.40 mmy '. As the concentration of Trz-E, Trz-D, and Trz-C increased from
10° M to 103 M, a distinct trend was observed in the data, demonstrating significant
improvements in corrosion resistance. The weight loss decreased progressively from 0.196,
0.170, and 0.150 g to 0.041, 0.028, and 0.021 g, respectively. Correspondingly, the corrosion rate
declined from 11.73, 10.17, and 8.98 mm y' to 2.45, 1.68, and 1.26 mm y'. This reduction was

accompanied by a marked increase in inhibition efficiency, which improved from 12.46%,
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24.10%, and 32.99% to 81.72%, 87.46%, and 90.60%, respectively. These findings indicate a

substantially enhanced protective effect against corrosion under the given conditions.

Table ITI.1 Weight Loss Parameters for CS Corrosion in 1 M HCI with Varying Concentrations
of Trz-C, Trz-D, and Trz-E Inhibitors at 25°C

Inhibitors Concentration Weight loss Cr (mmy ) Mw Surface coverage
(M) (6] (%) (0)
Blank - 0.224 13.40 - -
Trz-E 10 0.196 11.73 12.46 0.1246
5%1073 0.152 09.10 32.12 0.3212
10 0.121 07.24 45.97 0.4597
5%10* 0.065 03.89 70.97 0.7097
107 0.041 02.45 81.72 0.8172
Trz-D 107 0.170 10.17 24.10 0.2410
5%10°3 0.146 08.74 34.78 0.3478
10+ 0.105 06.28 53.13 0.5313
5%10* 0.034 02.03 84.85 0.8485
103 0.028 01.68 87.46 0.8746
Trz-C 1073 0.150 08.98 32.99 0.3299
5%107° 0.109 06.52 51.34 0.5134
10+ 0.052 03.11 76.79 0.7679
5%10* 0.031 01.86 86.12 0.8612
103 0.021 01.26 90.60 0.9060

The obtained results, including inhibition efficiency (1n..%), corrosion rate (Cr), and surface

coverage (0), are presented in Table 1.

The results unequivocally demonstrate the remarkable inhibitory capabilities of Trz-C, Trz-D,
and Trz-E against the corrosion of carbon steel in 1 M HCI solution. A substantial reduction in
weight loss and corrosion rate was observed with increasing concentrations of these inhibitors,
accompanied by a concomitant enhancement in inhibition efficiency and surface coverage.
Notably, Trz-C exhibited the most pronounced effect, exhibiting the lowest weight loss and the
highest inhibition efficiency, followed by Trz-D and Trz-E. This superior corrosion protection at
higher inhibitor concentrations can be ascribed to the formation of a protective film on the metal
surface through the adsorption of the inhibitor molecules [1-5]. The adsorbed inhibitor film acts
as a barrier, effectively shielding the steel from the aggressive acidic environment, thereby
mitigating the corrosion process. The observed trend in inhibition efficiency and surface

coverage is a direct consequence of the increased availability of inhibitor molecules at higher
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concentrations, facilitating the formation of a more robust and extensive protective film on the

metal surface.

Notably, the inhibition efficiencies obtained from the weight loss analysis almost closely
align with those obtained through electrochemical methods, further validating the observed
inhibition behavior. The agreement between these complementary techniques lends confidence to

the analysis.

II1.3 Electrochemical study
II1.3.1 Concentration effect

I11.3.1.1 Monitoring of Corrosion Potential Over Time

In corrosion studies, electrochemical impedance spectroscopy (EIS) measurements are
typically performed at the open circuit potential (Eocp). It is crucial to ensure that steady-state
conditions are reached before conducting these tests, as unreliable and inaccurate data may be
obtained during dynamic conditions [1]. The adsorption of inhibitor molecules on the metal
surface and the initiation and progression of corrosion processes can be monitored by plotting the
Eocp versus immersion time. Additionally, the position of Eocp can provide valuable insights into

the dominance of anodic or cathodic processes.

Figure 1 displays the time-dependent open circuit potential (OCP) curves for an XC48
Carbon steel electrode immersed in 1 M HCI solution in the absence (Blank) and presence of
different concentrations of three inhibitor compounds, Trz-C, Trz-D, and Trz-E, for 25 minutes

of immersion at 25°C.

Figure 1 clearly shows that the initial Eocp of Carbon steel (CS) is -0.522 V in the uninhibited
1 M HCI solution. As the CS electrode is immersed into the corrosive solution, the Eocp shifts
sharply towards more anodic values. This observed change can be attributed to the dissolution of
more active metals present in the steel composition, such as iron (Fe), aluminum (Al), and tin
(Sn) [2]. A similar behavior has been reported in the literature and explained by the dissolution of

the air-formed oxide layer and an initial attack on the metal surface [3-4].

It can be observed that the Eocp values initially shift positively with time until reaching a
relatively steady state after approximately 500 seconds, to reach near stable OCP values both in

the absence and presence of the inhibitors. However, in the presence of the highest concentration
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(5x10* and 10 M) of Trz-C, Trz-D, and Trz-E, the stabilization of the OCP takes longer,
indicating a prolonged process of inhibitor film formation or rearrangement on the electrode

surface [5].
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Figure III.1 OCP versus time plots for CS immersed in 1.0 M hydrochloric acid solution at

25°C. in the absence and presence of a) Trz-D, b) Trz-E and, c¢) Trz-C at different concentrations

Notably, as the concentration of the inhibitors increases, the OCP plots shift towards less
negative values, suggesting the formation of a more stable and protective inhibitor layer on the
electrode surface. This behavior is consistent with the adsorption of inhibitor molecules, creating

a barrier against the corrosive environment and mitigating the corrosion process.

The shape and potential values of the OCP curves provide insights into the kinetics and
mechanisms of the inhibition process, as well as the stability and effectiveness of the protective
films formed by the inhibitors on the steel surface. These OCP measurements can be
complemented with other electrochemical techniques and weight loss measurements to obtain a
comprehensive understanding of the inhibition performance and mechanisms of the studied

triazole-based inhibitors.

I11.3.1.2 Potentiodynamic polarization

besides the open circuit potential study, potentiodynamic polarization curves (Tafel plots) for
XC48 carbon steel were also tested to provide a good understanding of the corrosion mechanism
on the metal surface. Figure 2 shows the Tafel plots of carbon steel exposed to 1 M HCI solution
in the absence and presence of different concentrations of inhibitors at 25°C. The corresponding
electrochemical parameters derived by extrapolating the linear segments of anodic and cathodic
Tafel slopes such as corrosion current density (Lcorr), corrosion potential (Ecorr), anodic Tafel slope

(Ba), cathodic Tafel slope (Bc), and inhibition efficiency (np%), are listed in Table 2. The
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percentage of inhibition efficiency (n%) and surface area coverage (0) were calculated using the

following equations [2]:

W% = (1 --270) x 100 (IIL.1)
0= (1 -2 (I1.2)

where Icorr and Lcorr(i) are the uninhibited and inhibited corrosion current densities, respectively.
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Figure II1.2 Tafel curves depicting CS behavior in a 1.0 M HCI solution at 25°C, without and

with the presence of, a) Trz-D, b) Trz-E, and, c) Trz-C at varying concentrations.

The Tafel plots clearly show that the addition of the triazole-based inhibitors Trz-C, Trz-D,
and Trz-E to the corrosive 1 M HCI solution leads to a significant reduction in both the anodic
and cathodic current densities. This reduction in current densities becomes more pronounced as
the inhibitor concentration increases, suggesting that these compounds are effective in mitigating
the corrosion process by hindering both the anodic metal dissolution and the cathodic hydrogen

evolution reactions.

An important observation from the cathodic branches of the polarization curves is that they
exhibit nearly parallel lines, as evidenced by the slight changes in the cathodic Tafel slope (Bc)
values, which remain close to each other across the different inhibitor concentrations. This
behavior indicates that the addition of the triazole-based compounds does not significantly alter
the mechanism of the hydrogen evolution reaction. It is likely that the reduction of H" ions on the
XC48 steel surface follows a charge transfer mechanism, Similar behavior has also been
observed in several studies involving the same alloy and environment [6-11]. In contrast to the

cathodic branches, the anodic polarization curves display distinct behavior that can be divided
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into two distinct sections. The first section, located between the corrosion potential (Ecorr) and -
0.335 V for all inhibitors, exhibits a sharp decrease in current density as the inhibitor
concentration increases. This observation clearly confirms the formation of a protective layer or
film of the inhibitor compounds on the steel surface, effectively inhibiting the anodic metal
dissolution reaction. However, in the second section, at potentials higher than -0.335 V, the
anodic curves converge and coincide with the behavior observed in the blank solution. This
phenomenon is attributed to the desorption of inhibitor molecules from the steel surface, caused
by the dissolution of the steel itself, which reduces the inhibitor efficiency [12-14]. The potential
at which this desorption occurs is defined as the desorption potential (Edes) also called (potentiel
of unpolarizability), and at potentials above Edes, the rate of inhibitor desorption from the steel

surface exceeds the rate of adsorption, leading to a decrease in the inhibition performance.

However, even if the inhibitor is desorbed from the metal surface, it still inhibits corrosion
since the anodic current densities remain slightly lower than those of the blank [18]. This clearly

indicates that the adsorption and desorption of inhibitors depends on the electrode potential.

Table II1.2 The Tafel parameters for CS in both uninhibited and inhibited 1 M HCI solutions at
25°C.

C -Ecorr i corr Ba Bc M 0
M) (mV/ECS) (pA.cm?) (mV) (mYV) (%)

Blank - 492.370 328.864 208.2 120.6 - -
Trz-E 107 493.352 302.443 205.5 119.2 08.03 0.0803
5%107 488.715 275.110 161.5 120.4 16.35 0.1635
10 490.735 195.931 140.8 121.2 40.42 0.4042
5%10* 465.135 076.998 082.9 120.0 76.59 0.7659
107 459.814 052.611 075.0 121.7 84.00 0.8400
Trz-D 10” 494.931 274.836 160.5 116.5 16.43 0.1643
5%107 496.818 261.101 164.2 113.7 20.61 0.2061
10 471.465 084.139 104.8 115.6 74.42 0.7442
5%x10* 461.312 048.783 075.8 115.3 85.17 0.8517
107 451.405 038.229 060.8 122.8 88.38 0.8838
Trz-C 107 497.676 315.186 191.5 114.9 04.16 0.0416
5%107 487.981 217.020 169.3 120.6 34.01 0.3401
10* 485.271 157.707 145.5 120.8 52.04 0.5204
5%10* 467.433 074.978 085.8 123.3 77.20 0.7720
103 451.548 036.282 060.4 128.1 88.97 0.8897
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Based on the maximum displacement in the corrosion potential (Ecorr) compared to the blank
solution, the inhibitors Trz-C, Trz-D, and Trz-E can be classified as mixed-type inhibitors with a
predominant anodic effect. As shown in Table 2, the maximum variation in Ecorr between the
blank and inhibited solutions was 32.57, 40.97 and 40.82 mV for Trz-E, Trz-D, and Trz-C,
respectively, towards the anodic direction. According to the established criteria [15-17], if the
change in the absolute value of Ecorr is less than 85 mV, the inhibitor can be considered a mixed-
type inhibitor. Therefore, the observed shifts in Ecorr suggest that Trz-C, Trz-D, and Trz-E exhibit
mixed-type inhibition behavior, with a predominant influence on the anodic (metal dissolution)

reaction.

The results in Table 2 clearly demonstrate the concentration-dependent inhibition behavior of
these triazole-based compounds. As the inhibitor concentration increases, the corrosion current
density decreases, leading to higher inhibition efficiency and surface coverage values. This trend
is observed for all three inhibitors, indicating their effectiveness in forming protective films on
the XC48 carbon steel surface and mitigating corrosion in the aggressive 1 M HCI solution.
Among the three inhibitors, Trz-C demonstrates the highest inhibition efficiency, reaching an
impressive value of approximately 88.97% at a concentration of 103 M. This superior
performance of Trz-C suggests that it forms the most effective protective film or inhibitive layer
on the steel surface. This superior inhibition performance can be attributed to its molecular
structure and the associated adsorption properties on the steel surface. The presence of the
bromine substituent and hydroxyl group in the phenyl ring of Trz-C may contribute to stronger
interactions with the metal surface, facilitating the formation of a more compact and stable

inhibitive film, effectively blocking active sites and hindering the corrosion process.

I11.3.1.3 Electrochemical impedance spectroscopy (EIS)

In this section, electrochemical impedance spectroscopy (EIS) measurements were performed
to gain deeper insights into the inhibition mechanisms and support the findings from
potentiodynamic polarization studies. EIS allows probing the electrode/electrolyte interface
without significantly perturbing the system, providing reliable data on the ongoing

electrochemical processes.
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The Nyquist and Bode plots of XC48 CS samples recorded at the corrosion potential (Ecorr)
and immersed in 1 M HCI without and with the addition of different concentrations of Trz-C,

Trz-D, and Trz-E at 25°C are presented in Figures. 5 and 6 respectively.

As is seen, the impedance spectra shown in Figure 5 comprised of two loops, one large
depressed capacitive loop at high and intermediate frequency regions, followed by one small
inductive loop at low frequencies region for the blank solution and inhibitor concentrations lower
than 5.10° M. it is evident that the diameter of the capacitive loop increases significantly with
increasing inhibitor concentration. This observation suggests the formation of a protective
adsorbed layer on the CS surface, which enhances the corrosion protection. The larger the
diameter of the capacitive loop, the higher the charge transfer resistance (Rct), indicating a more
effective inhibition of the corrosion process. The capacitive loop is typically related to the charge

transfer resistance and the electric double layer at the electrode/solution interface [19- 20].
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Figure I11.5 Nyquist Plots and Equivalent Circuit Modeling of CS in 1.0 M HCI at 25°C in the

absence and presence of, a) Trz-D, b) Trz-E, and, ¢) Trz-C Inhibitors at Various Concentrations
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The depression of the capacitive loop can be attributed to the frequency dispersion due to the
roughness and heterogeneity of the electrode surface, which is a common phenomenon in
practical systems. Whereas the inductive behavior is often associated with relaxation processes
of adsorbed intermediates, such as (FeOH)aas and (H")ags, involved in the corrosion process in

acidic media [21-22].

The inductive loop is typically observed in the corrosion of iron and its alloys in hydrochloric
acid and sulfuric acid solutions, as per the proposed mechanism involving the following

reactions:
Fe + H20 = (FeOH)ags + H + €
(FeOH)ads = (Fe?*)ag + OH + ¢

Previous studies by Keddam, Barcia, and Mattos have investigated the role of chloride and
sulfate anions in iron dissolution and concluded that the inductive loop is always associated with

the relaxation of FeOHads, independent of the anions present [23-24].

Interestingly, at higher inhibitor concentrations (> 5.10* M), the low-frequency inductive
loop observed in the uninhibited system and at lower inhibitor levels disappeared, and two-time
constant was observed in the impedance spectra. This disappearance of the inductive loop
suggests the formation of better-quality, adherent, and stable inhibitor films on the metal surface,
further impeding the corrosion processes and associated relaxation phenomena [4]. this behavior

has been reported in several previous studies [4,25-27].

It's clearly shown that the shape of all EIS plots was similar regardless of the absence and
presence of Trz-C, Trz-D, and Trz-E inhibitors, which indicates that the presence of these
inhibitors just reduces the steel corrosion rate by simple adsorption onto the steel surface without

changing the electrochemical reaction mechanism [13-17].

To further analyze the EIS data and extract quantitative parameters, electrochemical
equivalent circuit (EEC) models were employed for curve-fitting using the Ec-Lab 11.02
software. The equivalent circuit models were selected based on the observed features in the
Nyquist plots, such as the presence or absence of the inductive loop. The equivalent circuit

model (d) in Figure 5 was used to fit the spectra showing an inductive loop, while model (e) was
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employed for spectra without the inductive loop, accounting for the degradation of the inductive

behavior at higher inhibitor concentrations.

These EEC models incorporate elements such as the solution resistance (Rs), charge transfer
resistance (Rct), inductance (L) and its associated resistance (RL), and constant phase elements

(CPE).

Table II1.3 Fitted EIS Parameters for CS in 1 M HCI1 Without and With Triazole Inhibitors at 25°C.

C Rs Rct Cdl Xz n NE e
(M) (Q cm?) (Qcm?)  (uF em?) (%)

Blank - 2.143 118.3 117.6 0.011 0.907 - -
Trz-E 107 2.923 125.7 100.8 0.089 0.867 05.89 0.0589
5%10° 2.498 149.5 128.8 0.049 0.813 20.87 0.2087
10 3.725 209.4 108.0 0.063 0.795 43.51 0.4351
5%10* 3.729 398.4 112.6 0.092 0.775 70.31 0.7031
102 2.453 496.4 093.9 0.031 0.648 76.17 0.7617
Trz-D 107 2.630 144.3 186.0 0.022 0.831 18.02 0.1802
5%107 2.548 181.9 243.0 0.078 0.786 34.96 0.3496
10* 2.255 330.4 193.0 0.093 0.733 64.19 0.6419
5%10™ 1.905 548.6 120.0 0.037 0.693 78.44 0.7844
103 2.168 745.5 132.0 0.072 0.643 84.13 0.8413
Trz-C 10° 2.264 139.0 136.5 0.048 0.850 14.89 0.1489
5%10° 2.296 193.6 209.2 0.093 0.806 38.89 0.3889
10* 2.053 258.8 2114 0.023 0.783 54.29 0.5429
5%10% 2.041 355.0 179.2 0.073 0.727 66.68 0.6668
103 1.976 808.3 061.6 0.043 0.632 85.36 0.8536

The CPE is introduced to account for non-ideal capacitive behavior, as it provides a more
accurate fitting compared to using a pure capacitance [6,19,25-27]. The impedance of the CPE is
described by an expression involving a CPE constant (Yo), the angular frequency (), and a
dimensionless parameter (n) that accounts for the phase shift and non-ideal capacitive response

[28]:
Zepe = Yo Gw) ™" (111.3)

The double-layer capacitance (Car) is then calculated from the CPE parameters using the Hsu and
Mansfeld equation, providing insights into the electrochemical double-layer properties at the

metal/solution interface [29]:
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1
Ca=(YoR,™)n (111.4)

The inhibition efficiency (1) and surface coverage (0) were determined from the charge transfer

resistance (Rect) values using the equations below:

ME% = (1 - =) x 100 (I1L.5)
Ret(i)
0=(1--2 (I1L6)
Ret(i)

Where Ret represents the charge transfer resistance without inhibitor present, and Reti) is the
charge transfer resistance measured in the inhibitor-containing solution. The impedance
parameters extracted from the data fitting are summarized in Table 3. The validity of the fitted

equivalent circuit model is supported by obtaining the lowest possible goodness of fit () value.
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Figure II1.6 Bode Impedance (log f vs log |Z|) and Phase Angle (log f vs. a) Plots for CS in 1.0
M HCI at 25°C, Without and With, a) Trz-D, b) Trz-E, and, c¢) Trz-C Inhibitors at Different

Concentrations.

Analysis of the EIS data (Table 3) reveals that the charge transfer resistance (Rct) values were

significantly higher in the inhibited solutions compared to the uninhibited (blank) system, and
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these Rct values increased progressively with increasing inhibitor concentration. The Trz-C
inhibitor exhibited the highest Ret of 808.3 Q cm? at 10° M concentration. Trz-D and Trz-E
followed with R values of 745.5 and 496.4 Q cm?, respectively, at the same 10> M

concentration.

The observed increase in charge transfer resistance suggests that the triazole-based inhibitors
effectively adsorb onto the carbon steel surface, forming a protective insulating layer that
impedes the charge transfer processes associated with the corrosion reactions at the
metal/solution interface. Consequently, this adsorbed inhibitor film results in a slower corroding

system by hampering the electrochemical processes responsible for metal dissolution.

The addition of the inhibitor causes a noticeable reduction in the values of n from 0.907 (in
the pure acid solution) to the range of 0.867-0648, 0.831-0.643 and 0.850-0.632 for Trz-E, Trz-
D, and Trz-C respectively. This decrease in the value of n indicates an increase in surface
inhomogeneity, which is attributed to the adsorption of the inhibitor molecules onto the metal
surface, as suggested by El Hamdani et al [30]. In other words, the presence of the inhibitor leads
to a more heterogeneous surface due to the adsorption of inhibitor molecules, resulting in a lower

value of n compared to the pure acid solution without the inhibitor.

The inhibition efficiency (ne%) followed the order Trz-C > Trz-D > Trz-E, consistent with
the trend observed in the Ret values, With a slight difference in efficiency between Trz-C and
Trz-D. These findings showed excellent agreement with potentiodynamic polarization
measurements, validating the consistency of the inhibition behavior across different

electrochemical techniques.

The Bode impedance (log frequency vs log |Z|) and phase angle (log frequency vs. a) plots
(figure 6), provide valuable insights into the electrochemical behavior of the system under
investigation. At high frequencies, the values of log |Z| (impedance magnitude) and the phase
angle (o) approach zero. This region represents the resistive behavior of the metal-solution
interface, primarily governed by the solution resistance (Rs) [31]. The low impedance and near-
zero phase angle at high frequencies indicate that the electrolytic solution exhibits low resistance,

facilitating the initiation of the adsorption process.
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As we move towards lower frequencies, the impedance magnitude (|Z|) increases, and the
phase angle approaches 0°. In this region, the impedance value approximately equals the charge
transfer resistance (Rc). The increase in absolute impedance at lower frequencies suggests
improved corrosion protection, which is attributed to the adsorption of inhibitor molecules on the
metal surface [32-34]. The adsorption process becomes more prominent at higher inhibitor

concentrations, leading to enhanced corrosion resistance.

In the intermediate frequency range, an ideal capacitive behavior would exhibit a linear
relationship between log |Z| and log frequency, with a slope of approximately -1 and a phase
angle close to -90° [29]. However, in practical systems, a non-ideal capacitive behavior is often
observed, where the phase angle deviates from -90°, and the slope of the log |Z| vs. log frequency
plot differs from -1. This non-ideality can be attributed to various factors, such as surface
roughness, inhomogeneities, or the presence of intermediate adsorbed species. The non-ideal
capacitive behavior is further manifested in the Nyquist plots, where the semicircles appear
flattened or depressed, indicating a deviation from ideal capacitive behavior. This deviation is

quantified by the parameter "n" where n < 1 represents a non-ideal capacitive behavior.

It is important to note that while EIS provides valuable information about the interfacial
phenomena and inhibition mechanisms, complementary techniques such as potentiodynamic
polarization, surface characterization, and computational studies can further enhance our
understanding of the corrosion inhibition process and the structure-activity relationships of the

inhibitor molecules.

I11.3.2 Study of the effect of temperature measured by potentiometry and electrochemical
impedance spectroscopy

The effect of solution temperature is one of the further significant factors used when
assessing the inhibitory efficiency on carbon steel surface, this underscores the need to examine
this specific factor to study thermodynamic parameters for evaluating corrosion behavior of
carbon steel in 1M HCI solution in the absence and presence of Trz-C, Trz-D and Trz-E at a
given concentration (10 M) at various temperatures ranging from 25 to 55°C by polarization
and impedance tests as results are depicted in Figure 7 and figure 8, while their corresponding

parameters are summarized in Tables 4 and 5 respectively.
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According to the polarization results From Table 4, it can be seen that the corrosion current
density increase with the increase in temperature from 25 to 55 °C for both blank and inhibited
solutions, precisely more rapidly in blank solutions. Followed by decrease in inhibition
efficiency and surface coverage, which indicates that the effect of the Trz-C, Trz-D and Trz-E

inhibitors on XC48 carbon steel becomes less efficient as the temperature rises.
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Figure I11.7 Polarization curves for XC48 CS, a) in 1M HCI medium + 10 M of, b) Trz-D, c)
Trz-E and, d) Trz-C at different temperatures

The increased value of corrosion current density may be due to the desorption of some
adsorbed inhibitors molecules from CS surface [35]. Moreover, as shown in Figure 7, The
corrosion potential moves toward the cathodic direction (inhibited solutions) as a result of rising
temperatures, unlike what we've seen in the concentration effect that moves in the opposite
direction. On the other hand, the impedance study shows that the diameter of the semicircle in
the high and intermediate frequency region decreased significantly with increasing temperature
of solutions, followed by the appearance of an inductive loop in the low-frequency region when

the temperature rises exceeding 25 C, as illustrated in Figure 8, and confirmed by the inhibition
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efficiency and Rct values shown in Table 5, that decreased substantially with the rise in
temperature. This clearly indicates that the corrosion inhibition property of the Trz-C, Trz-D and
Trz-E molecules was obviously affected by the increase in temperature. The emergence of the
inductive loop can be attributed to the adsorption of intermediate products formed during the
anodic dissolution of the metal substrate [49-52], or the redissolution of the passive surface [53-
54] suggesting a change in the inhibition mechanism at elevated temperatures. Furthermore, the
decrease in charge transfer resistance (Rct) values with temperature indicates weakening of the
protective film formed by the triazole derivatives on the metal surface, necessitating
comprehensive thermodynamic analysis to elucidate the precise adsorption mechanism and

associated energetic parameters.

Table II1. 4 Electrochemical parameters obtained by potentiometry of XC48 CS in 1M HCI with

and without addition of Trz-C, Trz-D and Trz-E inhibitors at different temperatures.

Inhibitors T (°C) -Ecorr i corr Ba Bc Mp S
(mV/ECS) (pA.cm-2) (mV) (mV) (%)

Blank 25 492.370 328.864 208.2 120.6 - -
30 495.200 405.439 238.4 120.9 - -
35 492.905 411.992 194.2 120.8 - -
40 479.981 486.377 201.3 100.1 - -
45 485.545 585.229 257.4 101.6 - -
50 478.088 637.111 235.2 096.8 - -
55 473.814 680.039 2243 086.2 - -

Trz-E 25 459.814 052.611 075.0 121.7 84.00 0.8400
30 465.110 075.594 081.7 118.8 81.36 0.8136
35 480.085 129.175 091.2 115.2 68.65 0.6865
40 480.377 165.813 097.9 116.9 65.91 0.6591
45 486.494 313.401 109.0 097.7 46.45 0.4645
50 496.066 451.608 128.9 084.8 29.12 0.2912
55 491.785 596.798 128.5 094.2 12.24 0.1224

Trz-D 25 451.405 038.229 060.8 122.8 88.38 0.8838
30 460.352 061.411 068.5 122.4 84.85 0.8485
35 471.216 101.464 089.2 118.5 75.37 0.7537
40 485.097 147.032 092.5 102.2 69.77 0.6977
45 487.116 245.714 112.6 097.5 58.01 0.5801
50 493.588 363.355 100.0 074.1 42.97 0.4297
55 496.355 488.374 102.7 076.3 28.18 0.2818

Trz-C 25 451.548 036.282 060.4 128.1 88.97 0.8897
30 483.744 077.929 071.1 086.4 80.78 0.8897
35 473.610 091.225 071.6 116.3 77.86 0.7786
40 480.424 131.216 079.8 099.0 73.02 0.7302
45 489.592 221.632 095.5 080.8 62.13 0.6213
50 496.114 349.725 096.3 068.9 45.11 0.4511
55 490.282 475.201 103.6 071.4 30.12 0.3012
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In addition, Different thermodynamics parameters such like enthalpy (AHa), and entropy
(ASa) of activation and also the activation energy (E,) have been calculated to figure out the
clear mechanism involved in the adsorption process by using the transition state and Arrhenius

equations [36-37]:

leorr = % exp (A%) exp (— %) (IT1.7)
icorr = Aexp (—22) (IL.8)

Where icorr is the corrosion courant density (A.cm ~2), h is Plank constant (6.626 x 10734Js), N is
Avogadro number (6.022 x 10?*), AH, is Activation enthalpy and AS, is Activation entropy, A is
pre-exponential factor, Ea is activation energy (kJ.mol '), R is perfect gas constant (J.mol™!. K1),

T is absolute temperature (K).
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Figure I11.8 Nyquist diagrams of XC48 CS a) in 1M HCI medium + 10 M of, b) Trz-D, c) Trz-

E and, d) Trz-C at different temperatures

The transition state plots and Arrhenius plots for carbon steel in 1 M HCl medium without

and with 10 M of Trz-C, Trz-D and Trz-C are shown in Figure 7. Where The activation energy
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values (Ea) of metal dissolution were obtained from the slope of In(icorr) vs 1000/T (Figure 9a)
and the activation enthalpy (AHa) and entropy (ASa) values were determined from the slope and
intercept of the curve Ln (icorr /T) vs 1000/T (Figure 9b). All of these different parameters are
given in Table 6. As shown clearly by this table, the activation energy value increased in the
presence of Trz-C, Trz-D and Trz-E compared to the blank solution, which confirms the good
adsorption of these inhibitors molecules on the metal surface. According to the literature, this

increase in Ea indicates the physisorption process [37-40].

Table IILS Fitted Electrochemical parameters obtained by EIS of XC48 CS in 1M HCI with and
without addition of Trz-C, Trz-D and Trz-E at different temperatures.

Inhibitors T Rs Ret Ca NEe 0
(°C)  (Qem’) (Qem’)  (uF em?) (%)
Blank 25 2.143 118.3 0.117 - -
30 2.245 097.1 0.052 - -
35 2.063 091.9 0.067 - -
40 1.757 076.6 0.040 - -
45 1.610 053.5 0.150 - -
50 1.990 036.7 0.067 - -
55 1.749 032.0 0.089 - -
Trz-E 25 2.453 496.4 0.939 76.17 0.7617
30 3.032 236.9 0.159 59.02 0.5902
35 3.384 144.8 0.143 36.56 0.3656
40 2.762 126.0 0.100 39.19 0.3919
45 2.749 096.5 0.062 44.61 0.4461
50 1.993 048.7 0.068 24.70 0.2470
55 2.248 0354 0.131 09.41 0.0941
Trz-D 25 2.168 745.5 0.132 84.13 0.8413
30 4.366 306.0 0.010 68.27 0.6827
35 2.021 267.9 0.237 65.71 0.6571
40 2.010 195.6 0.121 60.82 0.6082
45 2.023 108.0 0.031 50.51 0.5051
50 2.288 066.3 0.234 44.65 0.4465
55 2.143 038.3 0.118 16.34 0.1634
Trz-C 25 1.976 808.3 0.062 85.36 0.8536
30 1.355 318.1 0.183 69.48 0.6948
35 1.269 227.0 0.216 59.53 0.5953
40 2.062 177.3 0.125 56.77 0.5677
45 2.155 089.4 0.215 40.23 0.4023
50 1.965 043.9 0.042 16.56 0.1656
55 2.061 036.7 0.138 12.58 0.1258
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Generally, the positive values of AHa indicate the endothermic nature of the metal dissolution
process [86,87]. The value of ASa without Trz-C, Trz-D and Trz-E compounds is negative, and it
increases to more positive values in the presence of these inhibitors. This behavior is mostly
caused by the transformation of the reagents into activated complex accompanied by an increase

in disorder [41-44].
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Figure II1.9 Arrhenius lines were calculated from the density of the corrosion current of XC48

CS for 1M HCl in the absence and presence of Trz-C, Trz-D and Trz-E at different temperatures.

Table II1.6 Thermodynamic parameters of XC48 CS in 1 M HCI in the absence and presence of
Trz-C, Trz-D and Trz-E

Medium Ea (kJ/mol) AHa (kJ/mol) ASa (kJ/mol K)
Blank 19.96 17.36 -138.28

Trz-D 68.21 65.62 7.91

Trz-E 70.22 67.62 12.49

Trz-C 67.41 64.80 3.24

I11.4 Surface analysis by scanning electron microscopy (SEM)

The surface morphology of the XC48 carbon steel samples was examined using scanning
electron microscopy (SEM) after 24 hours of immersion at 25°C in 1M HCI solution, both in the
absence and presence of inhibitors at an optimal concentration of 103 M for Trz-C, Trz-D, and

Trz-E.
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Prior to immersion, the carbon steel surface exhibited a clean and smooth appearance with
minor scratches resulting from the polishing process (Figure 10a). However, after immersion in
the uninhibited acidic solution, the surface morphology was significantly altered, as evidenced

by the formation of numerous pits of varying depth and width (Figure 10b).

— 20 um 100 pm 20 pm
Vac-High PC-5td. 5kV 13/01/2009 012229 |[Vac-Highy PC-Std. 5 kV/ 13/01/2009 012217 jVac-High PC-Std. 5kV 13/01/2009 012212

20/pm
Vac-High PC-Std. 5kV 13/01/200¢ 012223 |Vac-High PC-5td. 5 kV 13/01/2009 012222

Figure III.10 Surface morphology of XC48 CS samples observed by scanning electron
microscopy: (a) polished surface before exposure, (b) after 24-hour immersion in uninhibited 1.0
M HCI solution, and (c-¢) after 24-hour immersion in 1.0 M HCI solution containing inhibitors

Trz-C, Trz-D and Trz-E, respectively, at 25°C.

This severe damage to the surface is attributed to excessive metal dissolution, indicating that
the steel undergoes widespread generalized corrosion across the entire surface in the absence of
an inhibitor. In contrast, the addition of Trz-C, Trz-D and Trz-E inhibitors significantly improved
the surface morphology of the carbon steel (Figure 10c-¢). The pits and fractures observed in the
uninhibited solution were no longer present, suggesting that the inhibitor molecules adsorb onto
the metal surface in an adherent and uniform manner, resulting in effective surface coverage [45-
47]. This observation implies that the high protective effect of these inhibitors can be attributed

to the strong and homogeneous adsorption of the inhibitor molecules onto the metal surface,
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forming a protective film that acts as a barrier, isolating the metal from the corrosive

environment and thereby preventing corrosion [48].

The SEM analysis provides direct visual evidence of the protective nature of the inhibitors,
demonstrating their ability to preserve the surface integrity of the carbon steel by forming a

uniform and adherent film, effectively mitigating the corrosive effects of the acidic solution.

II1.5 Quantum chemical calculation

To investigate the correlation between the molecular structures of Trz-C, Trz-D and Trz-E
and their corrosion inhibition effect, theoretical studies were conducted using density functional
theory (DFT) in gaseous phase. However, to fully evaluate the effectiveness of Trz-C, Trz-D and
Trz-E as corrosion inhibitors in a 1 M HCI environment, it is essential to include the protonated
forms of these molecules in addition to their neutral structures. Moreover, in order to study the
reactivity of inhibitors molecules, a range of important quantum chemical descriptors including
the highest occupied molecular orbital (HOMO), the lowest unoccupied molecular orbital
(LUMO), the energy gap (AE), global hardness (1) and softness (o), fraction of electrons
transferred (AN110), electronegativity (), and the electrostatic potential (ESP), for both neutral

and protonated forms were calculated and presented in Table 7.

Generally, the analysis of frontier molecular orbitals (HOMO and LUMO) can provide
valuable insights into the adsorption mechanism of inhibitor molecules and their interaction with
the metal surface. Specifically, these orbitals can be used to elucidate the electron-donating and
electron-accepting characteristics of the inhibitor molecules, respectively. Typically, inhibitors
with higher Enomo value are more electron-donating, while inhibitors with lower ELumo values
have a greater ability to accept electrons from the metal d-orbital, indicating higher inhibition
effectiveness [5]. The geometrically optimized structures along with frontier molecular orbital
(HOMO and LUMO) distributions and molecular electrostatic potential surface (ESP) for neutral
and protonated (Trz-C, Trz-D and Trz-E) molecules were depicted in Figures 10 and 11. For
neutral forms of these molecules, both HOMO and LUMO were almost entirely distributed over
the molecular surface, taking into account that these molecules show a more planar geometry,
which suggests a flat adsorption configuration of inhibitors on the iron surface, that gives a

general indication for high inhibition performance [36,40].
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Conversely, it should be pointed out that the protonated species exhibited some similarity in
terms of LUMO distribution with the neutral molecules. Nonetheless, it is crucial to emphasize
that the HOMO was predominantly located within the substituted benzene ring for Trz-D and

Trz-E, unlike Trz-C, where it is distributed across the entire molecule.

As is evident from Table 7, the trend of ELumo for both neutral and protonated forms of
inhibitors has followed the sequence Trz-D < Trz-C < Trz-E, which Suggesting that Trz-D has
better potential to accept electrons from the metal d-orbital. Nevertheless, it is worth noting that
this trend in ELumo values does not align with the order of inhibition efficiency (n%) observed
from electrochemical measurements, indicating that ELumo values do not directly correlate with
the inhibitive strengths of the compounds [6]. On the other hand, Enomo showed a different trend
Trz-D < Trz-E < Trz-C with respect to the neutral forms, suggesting that neutral Trz-C has a
tendency to be more likely to donate electrons. Whereas the protonated forms showed a similar
trend as the order of inhibition efficiency observed from electrochemical measurements, giving
the impression that the protonated Trz-C inhibitor has the ability to be more electro-donating

than Trz-D and Trz-E.

Table II1.7 The quantum chemical parameters derived from density functional theory (DFT)

calculations for Trz-C, Trz-D and Trz-E corrosion inhibitors in their neutral and protonated

forms.
Trz-D Trz-C Trz-E
Neutral Protonated Neutral Protonated Neutral Protonated

Enomo -7.2355 -9.9485 -6.8687 -3.8286 -6.9008 -10.1743
Evrumo -2.7484 -6.4409 -2.6847 -1.3946 -2.3973 -6.1362
AE 44871 3.5076 4.1840 2.4340 4.5035 4.0381
1P 7.2355 9.9485 6.8687 3.8286 6.9008 10.1743
EA 2.7484 6.4409 2.6847 1.3946 2.3973 6.1362
X 49919 8.1947 47767 2.6116 4.6490 8.1552
n 2.2435 1.7538 2.0920 1.2170 2.2517 2.0190
c 0.4457 0.5702 0.4780 0.8217 0.4441 0.4953
AN10) -0.0383 -0.9621 0,0104 0.9073 0.0380 -0.8260
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Figure II1.10 Optimized molecular structures and frontier molecular orbital (LUMO and HOMO) of neutral and protonated Trz-C,

Trz-D and Trz-E. color coding for different atomic elements: nitrogen (blue), oxygen (red), bromine (pink), carbon (golden), and

hydrogen (white).
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It's important to mention that the protonated inhibitors exhibit Enomo and ELumo values that
are more negative, indicating a reduced electron-donating ability and an increased electron-
accepting capacity for both Trz-D and Trz-E, unlike Trz-C, which shows more positive values,
compared to the neutral forms [14]. Similarly, a low energy gap (AE) between the LUMO and
HOMO levels directly influences the reactivity and adsorption tendencies of inhibitor molecules.
This parameter, AE, critically characterizes molecular reactivity and adsorptive behavior. In
particular, a reduced energy gap signifies heightened reactivity of the inhibitor towards the metal
surface, with lower values indicating strong adsorption on metal and subsequently high inhibitive

efficiency [15].

Furthermore, a smaller energy gap corresponds to greater inhibition, as it requires less energy
to facilitate electron transfer from HOMO to LUMO levels [16-17]. As shown in Table 7, the
difference in energy gap between Trz-C, Trz-D and Trz-E is relatively small for the protonated
forms indicating similar donating and accepting electron ability [6], but it is significantly larger
for the neutral forms. Notably, the AE of Trz-C was more than 1 eV lower than those of Trz-D
and Trz-E. This remarkable difference confirms the previous findings that the Trz-C inhibitor is
more effective than Trz-D and Trz-E especially in its protonated form due to its exceptional
ability to donate and accept electrons to and from the CS metal surface. In addition,
Electronegativity plays an important role, in understanding chemical reactivity. Which Pauling
introduced as referring to the ability of a chemical species to withdraw electrons from other
atoms or molecules. Essentially electronegativity serves as a measure of how well a chemical
species can draw electron density towards itself [6-5]. Based on the current results, for the values
of electronegativity listed in Table 7, it is evident that the order of electronegativity, for the
molecules under study follows the pattern of Trz-D > Trz-C > Trz-E, in the neutral form. Given
the increase, in electronegativity that occurs when species get protonated, it becomes clear that
protonated Trz-D and Trz-E molecules have a stronger ability to attract electrons compared to
their neutral counterparts, unlike Trz-C, which once again confirms its exceptional ability to
donate electrons to the metal surface. This increase in electronegativity signifies a crucial role
played by the protonated inhibitors in effectively coordinating with the metal during retro-

donation [15].
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Chemical hardness and softness, play a significant role in assessing the stability and
reactivity of molecules. Notably, molecules with a high energy gap tend to be less effective as
corrosion inhibitors. Conversely, soft molecules with a lower energy gap can serve as excellent
corrosion inhibitors since they readily donate electrons to the metal. Based on this information
we can conclude that the inhibition performance is inversely related to the hardness of the
molecules being studied. When the molecular hardness increases it becomes more challenging

for electrons to be donated [45].

In light of the information provided in Table 7 it is evident that compound Trz-C, in its
protonated form exhibited the lowest n value indicative of its maximum softness attribute. This
finding implies that the protonated Trz-C exhibits a strong adsorption capacity on the surface of

XC48 CS, thereby achieving the highest level of inhibition efficiency.

More so, evaluating the electron transfer fraction (AN) is crucial as it helps determine the
direction of electron flow between the inhibitor molecule and the metal surface. A positive AN
indicates that electrons are transferred from the inhibitor molecule to the metal whereas a
negative AN suggests the opposite emphasizing how important this parameter is, in
understanding electron exchange dynamics [23]. As we can see from the data presented in Table
7, it is clear that the positive AN value suggests that it is very likely that electrons are transferred
from the Trz-C inhibitor in both neutral and protonated forms to the metal surface. On the other
hand, when we look at the other inhibitors Trz-D and Trz-E, We can reasonably conclude that
electron transfer mainly occurs from the metal surface to these molecular species as indicated by
the negative AN values, especially the protonated forms that have the most negative values.
Another interesting point is that the protonated Trz-D has a more negative AN value compared to

Trz-E, which highlights its higher tendency, for electron transfer [15].

Electrostatic potential (ESP) mapping is a powerful tool for predicting the sites of
electrophilic and nucleophilic attack, as well as hydrogen bonding interactions in molecules [23].
The ESP maps of Trz-C, Trz-D and Trz-E inhibitors in their neutral and protonated forms are

described in Figure 11.
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Figure II1.11 Electrostatic potential maps illustrating the charge distribution over the molecular surfaces of the neutral and protonated

forms of Trz-C, Trz-D and Trz-E molecules.

100 |Page




Chapter 3
Study of the Corrosion Inhibition of XC48 Carbon Steel

As illustrated in Figure 11, it can be seen that the blue color (negative) is mainly distributed
on the N17 and N18 atoms for all three inhibitors in their neutral form, corresponding to
nucleophilic reactivity, whereas, the positive electrostatic potentials (green color) with
electrophilic reactivity distributed on the rest of the molecule. while for the protonated forms of
Trz-D and Trz-E, the green (positive) region is distributed on the whole molecule, indicating that
these molecules have a deficiency of electrons, making them susceptible to nucleophilic attacks
and easily available to interact with Fe metal surface. Unlike Trz-C, where the blue region is
observed to be concentrated on the substituted benzene ring, the central nitrogen atom and N17
atom, while the green area is distributed over the rest of the molecule. Considering the potential
correlation between interaction strength and electrostatic potential (ESP) values, the distribution
of ESP on the van der Waals (vdW) surface is employed to predict and identify interaction sites

in different inhibitor molecules [25].

II1.6 Corrosion inhibition mechanism

The corrosion inhibition mechanism of triazole-based inhibitors on carbon steel in acidic
environments reveals a complex molecular interaction characterized by multifaceted protective
strategies. The inhibition process fundamentally involves an intricate adsorption mechanism
predicated on electronic and electrostatic interactions between molecular inhibitor structures and
the metal surface. The triazole-based inhibitors (Trz-C, Trz-D, Trz-E) protect carbon steel in
acidic media through physisorption, forming a protective film that blocks corrosive agents like
H*, CI, and H20. Specifically, adsorption occurs via two primary mechanisms: (1) electron
donation from heteroatoms (N, O) in the triazole molecules to vacant d-orbitals of iron atoms,
and (2) electrostatic interactions between protonated triazole cations (formed in acidic media)
and CI” ions pre-adsorbed on the positively charged steel surface (Fe**/Fe*"). This process

displaces water molecules from the metal surface, as described by the equation:
Org(sol) + nH20(ads) — Org(ads) + nH20so1)

The resulting film acts as a dual anodic-cathodic inhibitor, suppressing both metal dissolution

and hydrogen evolution by limiting oxygen diffusion. The adsorbed inhibitors further react with
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Fe** ions to form stable (Fe-Org)*'(ads) complexes, enhancing the film’s compactness and
adherence. Inhibition efficiency depends critically on the film’s thickness, coverage, and
stability, which improve with higher inhibitor concentrations but degrade at elevated
temperatures due to desorption. Trz-C outperforms Trz-D and Trz-E due to its superior electron-
donating ability (positive AN), lower energy gap (AE), and planar molecular geometry, enabling
flat adsorption for maximal surface protection. Electrochemical (EIS, polarization),
morphological (SEM), and theoretical (DFT) analyses consistently validate this mechanism,
showing reduced corrosion currents, increased charge transfer resistance, and visually confirmed

surface integrity.

conclusion

This study unequivocally demonstrates the effectiveness of the synthesized triazole-based
Schiff base compounds as corrosion inhibitors for XC48 carbon steel in 1 M HCI. The observed
inhibition is attributed to the adsorption of the inhibitor molecules onto the steel surface, forming
a protective film that hinders both the anodic and cathodic reactions. The superior performance
of Trz-C, especially at higher concentrations and in its protonated form, due to its favorable
electronic properties and its ability to form a more compact and stable protective layer. These
findings highlight the potential of triazole-based Schiff bases as promising candidates for the
development of novel and efficient corrosion inhibitors for industrial applications, and provide a
strong foundation for further research into the optimization of their structure and performance.
This work contributes significantly to the understanding of structure-activity relationships in
corrosion inhibition and provides valuable insights into the design of new, high-performance

corrosion inhibitors.
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Unveiling Novel Coordination Complexes with Transition Metals

IV.1 Introduction

Schiff bases, named after Hugo Schiff, are an important class of organic compounds
characterized by the presence of an imine or azomethine group (-CH=N-) [1]. These compounds
are typically synthesized through the condensation reaction between primary amines and
carbonyl compounds, usually aldehydes. In this study, we focus on the synthesis of a series of
novel Schiff base ligands derived from 4-amino-1,2,4-triazole and various substituted
benzaldehydes. The 1,2,4-triazole moiety is of particular interest due to its wide range of
applications. Beyond its known biological activities and potential for coordination with metal
ions, the 1,2,4-triazole moiety also promotes applications in the field of molecular magnetism
and serves as an effective corrosion inhibitor [2-5]. These diverse properties make these Schiff
bases promising candidates for applications in medicinal chemistry, coordination chemistry,

materials science, and industrial protection.

IV.2 Ligand Synthesis

The synthesis of the Trz-X ligand family (1,2,4-Triazole-Based Schiff Base) is carried out in
a single step as shown in scheme 1. These ligands will be identifiable according to the formalism
of the type Trz-X, where X refers to the identification letter of the substituted benzaldehyde used
in the synthesis. This naming convention allows for easy differentiation between the various

compounds in the series.

The general reaction involves the nucleophilic addition of the amino group of 4-amino-1,2,4-
triazole to the carbonyl carbon of the substituted benzaldehyde, followed by the elimination of
water to form the imine bond. This condensation reaction is carried out using ethanol as a solvent
and catalyzed by a small amount of glacial acetic acid. The reactions are conducted at a
temperature of 80°C for 4 hours, yielding the desired Schiff base products. After purification by
recrystallization from a 1:1 mixture of HxO/acetonitrile, the products are obtained with an

average yield of 70%.

IV.2.1 X-Ray Diffraction Analysis
It's important to note that the determination of a structure in the crystalline state by X-ray
diffraction provides access not only to the molecular conformation but also to the interactions

that the molecule forms within the crystal. A detailed study of these interactions is often
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valuable, as it can reveal important information about hydrogen bonding, n-n stacking, and other
intermolecular forces that influence the compound's properties and behavior in the solid state.
This comprehensive structural information contributes significantly to our understanding of the
Trz-X compounds and their potential applications. The structural data for each compound are

given in the appendix.

IV.2.1.1 The ligand 1-phenyl-N-(4H-1,2,4-triazol-4-yl)methanimine (Trz-A)

Single crystals suitable for X-ray diffraction were obtained by recrystallization from a 1:1
solvent mixture of water and acetonitrile. The X-ray diffraction analysis of these crystals
provided definitive proof of the molecular structure of the Trz-X compounds. This method was
particularly exemplified in the case of Trz-A, where the crystal structure unambiguously

confirmed the expected Schiff base formation and the overall molecular geometry.

Figure IV.1 ORTEP view of the Ligand Trz-A with partial atom numbering. The ellipsoids

contain 50% of the electron density
IV.2.1.2 The ligand 2-(((4H-1,2,4-triazol-4-yl)imino)methyl)phenol (Trz-B)

The Trz-B ligand is crystallized in a mixture of H2O/acetonitrile, forming white crystals. The
single-crystal X-ray diffraction study of the Trz-B ligand reveals that the space group is
monoclinic (P21/n). Two distinct molecules, oriented differently, comprise the asymmetric unit of
the title compound, Trz-B (Cis His N3 Oz). Both molecules in the asymmetric unit are nearly
planar, as evidenced by the dihedral angles of -176.29(15)° for C(11)-N(1)-N(2)-C(3) and -
174.12(16)° for C(16)-N(3)-N(4)-C(20). The characteristic bond lengths and angles of ligand
Trz-B are presented in Table 2. As clearly shown in Figure 2, The crystal packing of ligand Trz-B

is characterized by a non-uniform arrangement of molecules, which contributes to the overall
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complexity and irregularity of the packing structure. Despite this irregularity, the molecules seem
to adopt specific orientations relative to each other, likely driven by the need to maximize
favorable interactions, such as hydrogen bonds and CH-=n interactions, while minimizing steric
repulsions. The crystal packing of the ligand reveals two significant intermolecular interactions
that contribute to its overall structure. Firstly, a weak CH-m interaction is observed between the
phenol and triazole moieties of adjacent ligand molecules. This interaction involves the phenol
ring of one ligand and the triazole ring of a neighboring ligand. Secondly, the structure is further
stabilized by a hydrogen bond network. This hydrogen bond forms between the hydroxyl group
of the phenol on one ligand and the nitrogen atom of the triazole ring on an adjacent ligand. This
hydrogen bonding further strengthens the crystal lattice, linking neighboring molecules in a
specific orientation. Together, these interactions play a crucial role in determining the three-

dimensional arrangement of the molecules within the crystal lattice.

Figure IV.2 ORTEP view of the Ligand Trz-B with partial atom numbering. The ellipsoids
contain 50% of the electron density (left). Main intermolecular interactions related to crystal
packing, with CH-m interactions shown in blue lines and hydrogen bonding in red dotted lines
(right). Hydrogen atoms are not included for clarity, except for those participating in CH-nt

interactions and linked to Oxygen atoms, which are represented by small spheres.
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Table IV.2 Bond lengths and angles of the Trz-B ligand

Bond lengths (A) Bond angles (°)
N(1)-C(11) 1.3456(18) C(11)-N(1)-C(2) 104.59(12)
N(1)-C(2) 1.3473(19) N(7)-C(11)-N(1) 111.67(14)
N(1)-N(2) 1.3999(16) C(3)-N(2)-N(1) 115.82(12)
N(2)-C(3) 1.2735(17) N(2)-C(3)-C(4) 121.11(13)
C@3)-C4) 1.4560(19) C(11)-N(1)-N(2) 122.43(12)
N4)-C(17) 1.350(2) C(20)-N@4)-C(17) 104.45(13)
N(4)-C(20) 1.3421(19) N(8)-C(17)-N(4) 110.73(15)
N(@3)-N4) 1.4005(16) C(16)-N(3)-N4) 116.01(13)
N(@3)-C(16) 1.2674(19) N(@3)-C(16)-C(15) 120.97(14)
C(15)-C(16) 1.4569(19) C(A7)-N4)-N@3) 133.92(13)

1V.2.1.3 The ligand 2-(((4H-1,2,4-triazol-4-yl)imino)methyl)-4-bromophenol (Trz-C)

The Trz-C ligand crystallizes as white crystals when grown in a mixture of water and
acetonitrile. X-ray diffraction analysis of a single crystal reveals that the compound adopts a

monoclinic crystal system, specifically belonging to the space group P21/C.

Figure IV.3 ORTEP view of the Ligand Trz-C with partial atom numbering. The ellipsoids
contain 50% of the electron density (left). Main intermolecular and intramolecular interactions
related to crystal packing, with n-m Stacking interactions are represented in blue lines, CH---X
interactions shown in blue dotted lines and hydrogen bonding in red dotted lines (right).
Hydrogen atoms are not included for clarity, except for those participating in CH---X interactions

and linked to Oxygen atoms, which are represented by small spheres.
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The molecular structure of Trz-C is nearly flat, as evidenced by the dihedral angle between
the atoms C8-N1-N2-C7, which measures 158.5(3)°. This angle, being close to 180°, indicates
minimal twisting or deviation from planarity. Key structural parameters, including characteristic
bond lengths and angles for the ligand, are compiled and presented in Table 3 for reference. An
intramolecular hydrogen bond is observed between the phenol group and the central nitrogen
atom of the ligand. The crystal packing of the Trz-C ligand exhibits two weak intermolecular
interactions: a m-m stacking between bromophenol groups of adjacent ligands at a distance of
3.73 A with a slight slip of 0.98 A, and a CH---N interaction involving the terminal nitrogen of

one ligand and the triazole moiety of another.

Table I'V.3 Bond lengths and angles of the Trz-C ligand

Bond lengths (A) Bond angles (°)

N(1)-C(9) 1.358(4) C(9)-N(1)-C(8) 104.8(3)
N(1)-C(8) 1.354(4) C(9)-N(1)-N(2) 131.8(3)
N(1)-N(2) 1.401(4) C(7)-N(2)-N(1) 115.0(3)
N(2)-C(7) 1.289(4) N(2)-C(7)-C(5) 121.1(3)
C(7N)-C(5) 1.469(4) C4)-C(5)-C(7) 122.3(3)
C(5)-C4) 1.420(4)

C4)-0(1) 1.353(4)

IV.2.1.4 The ligand 1-(3-bromophenyl)-N-(4H-1,2,4-triazol-4-yl)methanimine (Trz-D)

The Trz-D ligand forms white crystals when crystallized from a water/acetonitrile mixture.
Single-crystal X-ray diffraction analysis reveals an orthorhombic crystal system with space
group P212:21. The molecule is nearly planar, evidenced by the C11-N3-N2-C3 dihedral angle of
-173.9(5)°, indicating minimal deviation from planarity. Detailed structural parameters are
presented in Table 4. The crystal packing of Trz-D features m-m stacking interactions between
bromobenzene groups of adjacent ligands, with a distance of 3.36 A. Notably, no hydrogen
bonds are observed in the crystal structure. This leads to a parallel, zigzag molecular network
arrangement. The absence of hydrogen bond donors in Trz-D results in crystal packing primarily

directed by weaker interactions, such as the observed n-n stacking.
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Table IV.4 Bond lengths and angles of the Trz-D ligand

Bond lengths (A) Bond angles (°)
N(@3)-C(11) 1.339(5) C(11)-N(3)-C(2) 104.5(3)
N@B3)-C(2) 1.347(5) C(11)-N(3)-N(2) 122.2(3)
N@B3)-N(2) 1.407(4) N(2)-C(3)-C4) 121.4(3)
N(2)-C(3) 1.264(5) C(2)-N(3)-N(2) 133.1(3)
C3)-C“4 1.463(5) C(3)-N(2)-N(3) 116.6(3)

Figure 1V.4 ORTEP view of the Ligand Trz-D with partial atom numbering. The ellipsoids
contain 50% of the electron density (left). Main intermolecular interactions related to crystal
packing, with n-n Stacking interactions are represented in blue lines (right). Hydrogen atoms are

not included for clarity.

IV.2.1.5 The ligand 1-p-tolyl-N-(4H-1,2,4-triazol-4-yl)methanimine (Trz-E)

The Trz-E ligand crystallizes into white crystals from a water/acetonitrile mixture. Single-
crystal X-ray diffraction analysis reveals a trigonal crystal system with space group R3. The
molecule exhibits near-planarity, as shown by the C12-N2-N1-C6 dihedral angle of -176.6(2)°,

indicating minimal deviation from a flat structure. Crystal packing of Trz-E is characterized by
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CH:---N interactions between the terminal nitrogen of one ligand and either the triazole or toluene
moieties of neighboring molecules. These interactions play a crucial role in determining the
overall crystal structure. Table 5 provides a comprehensive list of key structural parameters,
including characteristic bond lengths and angles for the Trz-E ligand. The lack of strong,
directional hydrogen bonding interactions results in a more disordered molecular arrangement
within the crystal structure. This absence of hydrogen bonds allows for greater flexibility in
molecular positioning, leading to a less predictable and more complex packing pattern. The
crystal structure is thus primarily governed by weaker, non-directional forces, which contribute

to the observed irregular distribution of Trz-E molecules throughout the lattice.

Figure IV.5 ORTEP view of the Ligand Trz-E with partial atom numbering. The ellipsoids
contain 50% of the electron density (left). Main intermolecular interactions related to crystal
packing view along the c-axis, with C-H---X interactions shown in blue dotted lines (right).
Hydrogen atoms are not included for clarity, except for those participating in C-H---X

interactions, which are represented by small spheres.
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Table IV.5 Bond lengths and angles of the Trz-E ligand

Bond lengths (A) Bond angles (°)
N(2)-C(7) 1.363(3) C(12)-N(2)-C(7) 104.89(18)
N(2)-C(12) 1.352(3) C(12)-N(2)-N(1) 122.02(18)
N(1)-N(2) 1.396(2) C(7)-N(2)-N(1) 133.09(19)
N(1)-C(6) 1.273(3) N(1)-C(6)-C(5) 120.90(19)
C(6)-C(5 1.461(3) C(6)-N(1)-N(2) 116.06(17)

IV.3 Coordination Chemistry: Preparation of Transition Metal Complexes Co (II), Ni (II),
Fe (II) and Cu (II)
IV.3.1 Mononuclear Cu (II) Complexes

a. Compound [Cu(Trz-A):(NCS):]

The compound [Cu(Trz-A)2(NCS):] abbreviated as C1 was synthesized using a slow
diffusion method. The complex C1 was prepared by adding Copper(Il) chloride to a methanol
solution containing two equivalents of the Trz-A ligand and two equivalents of potassium
thiocyanate (KNCS) at room temperature. This reaction initially produced a green solution. After

evaporation and recrystallization via slow diffusion of diethyl ether into an acetonitrile solution,

dark green crystals of C1 were obtained with a yield of 28% (based on isolated crystals).

Figure IV.6 ORTEP view of complex C1 with partial atom numbering (A) and its simplified
structure (B). The ellipsoids contain 50% of the electron density (left). Hydrogen atoms are not

included for clarity.
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The complex C1 crystallizes in the Monoclinic P21 system, forming dark green crystals. The
asymmetric unit of this compound is shown in figure 7. The structure reveals that the Cu(Il) ion
is surrounded by two monodentate ligands (Trz-A) and two thiocyanate anions [NCS], forming a
square planar geometry with N(1)-Cu(1)-N(5) and N(9)-Cu(1)-N(10) angles of 178.3(2)° and
175.8(2)°, respectively. The packing exhibits weak CH:--S interactions involving the sulfur of
the thiocyanate and the aromatic ring and/or the central carbon of another ligand from adjacent
complexes, as well as C-H---N interactions between the aromatic ring and the central nitrogen of
the ligand from adjacent complexes. The bond lengths and angles around the Cu(Il) ion are

summarized in table 6.

Table I'V.6 Bond lengths and angles of the C1 complex

Bond lengths (A) Bond angles (°)
Cu(1)-N(5) 2.015(5) N(9)-Cu(1)-N(10) 175.8(2)
Cu(1)-N(1) 2.015(5) N(9)-Cu(1)-N(1) 89.15(19)
Cu(1)-N(10) 1.949(5) N(10)-Cu(1)-N(1) 90.92(19)
Cu(1)-N(9) 1.939(5) N(9)-Cu(1)-N(5) 89.90(19)
N(10)-Cu(1)-N(5) 90.1(2)
N(1)-Cu(1)-N(5) 178.3(2)

Starting from the assumption that the formation of a binuclear or polynuclear Cu(II) complex
with the Trz-A ligand was possible, numerous reaction conditions were tested with the aim of
obtaining the binuclear or polynuclear complex. Parameters such as stoichiometry, starting metal
salts, temperatures (25 to 80°C), and solvents (MeOH, EtOH, Acetone, DMF, CH2Cl2, CH3CN)
were varied. For each sample, several recrystallization conditions and methods were tested,
including liquid-liquid diffusion, gas-phase diffusion, slow evaporation, and solvothermal
methods. Despite these sustained synthetic efforts, no reaction conditions allowed for the
isolation of the targeted binuclear or polynuclear complex. The only species that crystallized
were the mononuclear complexes described above. The inability to obtain the desired
polynuclear complexes is likely attributed to their inherent instability in solution, leading to
reversible dissociation during recrystallization, as supported by previous research [6-10]. This
suggests that while the formation of binuclear or polynuclear species might be possible, they are

not stable enough to be isolated under the tested conditions.
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Figure IV.7 Crystal packing of C1, highlighting intermolecular interactions: C-H:--S interactions

‘~\

(red dashed lines) and CH:---N interactions (blue dashed lines), View along the a-axis.

1V.3.2 Structural Properties of Binuclear Complexes of Ni(II), Co(II), and Fe(II)

IV.3.2.1 Ligand Trz-D

Three metal-organic complexes, [Coz2(Trz-D)s(NCS)4]-DMF (C2), [Fe2(Trz-D)s(NCS)4]-DMF
(C3), and [Niz(Trz-D)s(NCS)4]-DMF (C4), were synthesized via a slow diffusion method. The
synthesis involved reacting two equivalents of the Trz-A ligand and two equivalents of potassium
thiocyanate (KNCS) with the respective metal salts (CoClz, FeClz, and NiCl2) in methanol at
room temperature. The initial reaction mixtures exhibited bright pink, deep red, and purple colors
for C2, C3, and C4, respectively. Following evaporation and recrystallization via slow diffusion
of diethyl ether into a DMF solution, red pink (C2), dark red (C3), and purple (C4) crystals were

obtained. The yield for all three compounds was 23%, based on isolated crystals.

The coordination chemistry of the Trz-D ligand proved to be remarkably similar for metals
such as Co(Il), Fe(Il), and Ni(II). Furthermore, the complexes formed with these metals
exhibited only very minor structural differences from one another. The relevant bond distances
and angles for complexes C2-4 are presented in Table 7. These complexes all crystallize in the

centrosymmetric monoclinic space group C2/c. Their structure reveals two crystallographically
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independent metal(Il) ions (Co?*, Fe*" and Ni?**), each coordinated to two thiocyanate [NCS]
anions, one terminal monodentate Trz-D ligand, and three bridging bidentate Trz-D ligands.
These bridging ligands connect the metal(Il) ions, forming a binuclear compound. A free DMF

molecule completes the coordination sphere.

Figure IV.8 ORTEP view of C2, C3 and C4 with partial atom numbering (a,b and ¢). Hydrogen
atoms are omitted for clarity, except for those represented by small spheres participating in the
intramolecular C-H:--N interactions (red dashed lines). The ellipsoids contain 50% of the
electron density. Views along the pN4—uN2 axis (d), Mitall->uN10 axis (e) and
Mitall —Mital2 axis (C) showing the distortion of the two octahedral geometries around the

metal ions.
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The ligand arrangement is symmetric, with both metal ions exhibiting identical coordination
with nitrogen atoms. The coordination spheres of the metal ions are related by C2 symmetry and
adopt a slightly distorted octahedral geometry, primarily in the N4-M-N1 bonds with an angle of
173.68° (Figure 8). The ligands arrangement is stabilized by six weak intramolecular C-H---N
interactions, with H---N distances between hydrogen and the nitrogen of the (NCS)- anion is
2.984 A and 3.179 A for the distance between hydrogen and the nitrogen of the Trz-D ligand.
The coordination environment of the metal centers in compounds C2, C3, and C4 exhibits
interesting structural features. The average metal-nitrogen (M-N) bond length of 2.14 A is

consistent with high-spin metal(II) ions (Co*" and Fe*"), as reported in previous studies [11-13].

Figure IV.9 Crystal packing of C3: View along the c-axis showing intermolecular C-H:--S
interactions (red dashed lines) (left), m-n Stacking and C-H:---O interactions are represented in

red lines and blue dashed lines respectively (right).

However, the coordination sphere shows slight distortion from ideal octahedral geometry.
This distortion is primarily due to the presence of two notably shorter M-N bonds involving the
thiocyanate anions, measuring 2.095 and 2.080 A for C2, 2.126 and 2.107 A for C3 and for C4
measuring 2.065 and 2.045 A. These shorter bonds contrast with the longer M-N bonds to the
other Trz-D ligands. The overall charge neutrality of the complexes is maintained by the

presence of four thiocyanate [NCS] anions per binuclear unit. This arrangement balances the
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positive charges of the two metal(Il) ions, resulting in electrically neutral coordination
compounds. The minimal distance between the metallic centers Co---Co, Fe---Fe, and Ni---Ni in

complexes C2, C3, and C4 is on the order of 3.936, 4.024, and 3.828 A respectively.

Since C1 lacks classical hydrogen bond donors, the crystal packing is directed by weaker
intermolecular interactions such as C-H---X and m-n interactions (Figure 9). The n-n network
consists of phenyl groups from the ligands facing each other at a distance of 4.102 A with a
slight shift of 1.02 A. C-H:--O interactions involving the oxygen of DMF and the hydrogen of
the central carbon of the Trz-D ligand are also observed, with a C-H---O distance of 3.043 A.
Additionally, C-H:--S interactions exist between the sulfur of the thiocyanate and the central

carbon of a Trz-D ligand from adjacent complexes, with H---S distance of 2.86 A.

1V.3.2.2 Ligand Trz-E

a. Solid-state structure of a Co (II) complex

The compound [Coz(Trz-E)s(NCS)4], abbreviated as C5, was synthesized using a slow
diffusion method. The synthesis involved adding Cobalt(Il) chloride to a methanol solution
containing two equivalents each of the Trz-E ligand and potassium thiocyanate (KNCS) at room
temperature, initially producing a bright pink solution. After evaporation and recrystallization via
slow diffusion of diethyl ether into an acetonitrile solution, red pink crystals of C5 were obtained
with a yield of 25%, based on the isolated crystals. The complex C5 crystallizes in the Triclinic
P1 system. The asymmetric unit of this compound is shown in figure 10. The structure reveals
two crystallographically independent Co(II) ions, each coordinated to two thiocyanate [NCS]
anions, one terminal monodentate Trz-E ligand and three bridging bidentate Trz-E ligands. These
bridging ligands connect the Co(Il) ions, forming a binuclear compound. The relevant bond
distances and angles for this complex are presented in Table 8. The ligand arrangement is
symmetric, with both metal ions exhibiting identical coordination with nitrogen atoms. The
ligands arrangement is stabilized by four weak intramolecular C-H---N interactions, with H---N

distances between hydrogen and the nitrogen of the [NCS] anion is 2.99 A.
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Figure IV.10 ORTEP view of C5 with partial atom numbering (left). Hydrogen atoms are
omitted for clarity, except for those represented by small spheres participating in the
intramolecular C-H---N interactions (red dashed lines). The ellipsoids contain 50% of the
electron density. Views along the uN2—uN4 axis (a), Col—-uN9 axis (b) and Col—Co2 axis

(c) showing the distortion of the two octahedral geometries around the metal ions (right).

The coordination environment of the metal centers in compound C5 exhibits interesting
structural features. The average Co-N bond length of 2.136 A is consistent with a high-spin
Co(Il) ion. However, the coordination sphere slightly distorts from ideal octahedral geometry,
primarily in the N4-Co-N1 bonds with an angle of 174.446° (Figure 10). This distortion is
primarily due to the presence of two notably shorter Co-N bonds involving the thiocyanate
anions, measuring 2.108 and 2.070 A. These shorter bonds contrast with the longer Co-N bonds
to the other Trz-E ligands. The overall charge neutrality of the complexes is maintained by the
presence of four thiocyanate [NCS] anions per binuclear unit. This arrangement balances the

positive charges of the two Co(II) ions, resulting in electrically neutral coordination compounds.
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Figure IV.11 Crystal packing of C5: View along the c-axis showing intermolecular n-n
interactions (red lines) (left), and C-H:--S and C-H---m interactions are represented in blue

dashed lines and red lines respectively (right).

The minimal distance between the metallic centers Col---Co2 is on the order of 4.265 A. The
crystal packing is directed by weaker intermolecular interactions such as C-H---X, C-H:--m and
n-1 interactions (Figure 11). The n-nt network consists of aromatic ringes from the ligands facing
each other at a distance of 1.412 A with a slight shift of 0.492 A. C-H---x interactions involving
the hydrogen of the methyl group and the aromatic ring of the neighboring complexes are also
observed, with a H---n distance of 1.828 A. Additionally, C-H:--S interactions exist between the
sulfur of the thiocyanate and the hydrogen of the methyl group of Trz-E ligand from adjacent
complexes, with H---S distance of 0.883 A.
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b. Solid-state structure of Ni (II) complex

c ‘

Figure IV.12 ORTEP view of C6 with partial atom numbering (left). Hydrogen atoms are

omitted for clarity, except for those represented by small spheres participating in the
intramolecular C-H---N interactions (red dashed lines) and O-H:---S interactions (blue dashed
lines). The ellipsoids contain 50% of the electron density. Views along the uN2—uN4 axis (a),
Col—uN9 axis (b) and Col—Co2 axis (c¢) showing the distortion of the two octahedral

geometries around the metal ions (right).

The compound [Ni2(Trz-E)s(NCS)4].H20, abbreviated as C6, was synthesized using a slow
diffusion method. The synthesis involved adding Nickel(I) chloride to a methanol solution
containing two equivalents each of the Trz-E ligand and potassium thiocyanate (KNCS) at room
temperature, initially producing a purple solution. After evaporation and recrystallization via
slow diffusion of Ethanol into a Water solution, purple crystals of C6 were obtained with a yield
of 24%, based on the isolated crystals. The complex C6 crystallizes in the Triclinic P1 system.
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The asymmetric unit of this compound is shown in figure 12. The structure reveals two
crystallographically independent Ni(II) ions, each coordinated to two thiocyanate [NCS] anions,
one terminal monodentate Trz-E ligand and three bridging bidentate Trz-E ligands. These

bridging ligands connect the Ni(II) ions, forming a binuclear compound. A free H2O molecule

completes the coordination sphere.

Figure IV.13 Crystal packing of C6: View along the c-axis showing intermolecular m-n
interactions (red lines) (left), O-H---S and C-H---S interactions are represented in blue dashed

lines and red lines respectively (right).

The relevant bond distances and angles for this complex are presented in Table 9. The ligand
arrangement is symmetric, with both metal ions exhibiting identical coordination with nitrogen
atoms. The arrangement of the C6 compounds is stabilized by hydrogen bonding O-H:--S
between a water molecule and sulfur atoms of thiocyanate anions and by six weak intramolecular
C-H---N interactions, with H---N distances between hydrogen and the nitrogen of the [NCS]
anion is 2.926 A and 2.883 A for the distance between hydrogen and the nitrogen of the Trz-E
ligand.
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The coordination environment of the metal centers in compound C6 exhibits interesting
structural features. However, the coordination sphere slightly distorts from ideal octahedral
geometry, primarily in the N2-Ni-N5 bonds with an angle of 175.554° (Figure 12). This
distortion is primarily due to the presence of two notably shorter Ni-N bonds involving the
thiocyanate anions, measuring 2.038 and 2.110 A. These shorter bonds contrast with the longer

Ni-N bonds to the other Trz-E ligands.

The overall charge neutrality of the complexes is maintained by the presence of four
thiocyanate [NCS] anions per binuclear unit. This arrangement balances the positive charges of
the two Ni(Il) ions, resulting in electrically neutral coordination compounds. The minimal
distance between the metallic centers Nil---Ni2 is on the order of 3.837 A. The crystal packing is
directed by weaker intermolecular interactions such as C-H---X and n-n interactions (Figure 13).
The n-n network consists of aromatic ringes from the ligands facing each other at a distance of
1.401 A with a slight shift of 0.510 A. C-H---S interactions exist between the sulfur of the
thiocyanate and the hydrogen of the methyl group of Trz-E ligand from adjacent complexes, with
H---S distance of 3.344 A.

IV.3.2.3 Ligand Trz-A

a. Solid-state structure of a Co (II) complex

The binuclear compound [Co2(Trz-A)s(NCS)4]-H20-EtOH, designated as C7, was
synthesized via a slow diffusion method. This process involved reacting Cobalt(Il) chloride with
a methanol solution containing equimolar amounts of Trz-A ligand and potassium thiocyanate
(KNCS) at ambient temperature, initially yielding a bright pink solution. Subsequent evaporation
and recrystallization through slow diffusion of ethanol into an aqueous solution produced red
pink crystals of C7 with a 22% yield. C7 crystallizes in the triclinic P1 system, with its
asymmetric unit illustrated in Figure 14. The structure comprises two crystallographically
distinct Co(II) ions, each coordinated to six nitrogen atoms: two from thiocyanate [NCS] anions,
one from a terminal monodentate Trz-A ligand, and three from bridging bidentate Trz-A ligands.
These bridging ligands facilitate the formation of the binuclear complex, with free H>O and

EtOH molecules completing the coordination sphere.
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Figure IV.14 ORTEP view of C7 with partial atom numbering (left). Hydrogen atoms are

omitted for clarity, except for those represented by small spheres participating in the
intramolecular C-H---N interactions (red dotted lines). Views along the uN2—uN4 axis (A),
Col—uN9 axis (B) and Col—Co2 axis (C) showing the distortion of the two octahedral

geometries around the metal ions (right).

The symmetric arrangement of ligands results in identical nitrogen coordination for both
metal ions. This configuration is stabilized by five weak intramolecular C-H---N interactions,
with H---N distances of 3.399 A to the [NCS] anion's nitrogen and 2.938 A to the Trz-A ligand's
nitrogen. Table 10 presents the most relevant bond distances and angles for this complex,
providing detailed insight into its molecular structure. The metal centers in compound C7 display
noteworthy structural characteristics in their coordination environment. The Co(II) ions exhibit

an average Co-N bond length of 2.131 A, indicative of a high-spin state. However, the octahedral
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geometry around the cobalt centers shows subtle deviations from ideality. This distortion is most
pronounced in the N5-Co-N2 angle, which measures 174.553°, deviating from the expected 180°
in a perfect octahedron (Figure 14).

Figure IV.15 Crystal packing of C7, View along the c-axis showing intermolecular O-H:--S
hydrogen bonding (red dashed lines), and C-H:--S interactions are represented in blue dashed

lines.

The distortion is further emphasized by the presence of two distinctly shorter Co-N bonds
involving the thiocyanate anions. These bonds measure 2.098 A and 2.083 A, respectively, and
stand in contrast to the longer Co-N bonds formed with the Trz-A ligands. This variation in bond
lengths contributes to the overall distortion of the octahedron, resulting in a unique electronic
and geometric environment around the Co(II) centers. The binuclear complex C7 maintains
electrical neutrality through a balanced arrangement of charged components. Four thiocyanate
[NCS] anions counterbalance the positive charges of the two Co(II) ions in each binuclear unit,

resulting in a net neutral coordination compound. The structure's binuclear nature is evidenced
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by the proximity of the cobalt centers, with a Col---Co2 distance of 3.922 A. Intermolecular
interactions, particularly hydrogen bonding, significantly influence the crystal packing of C7. As
illustrated in Figure 15, O-H---S hydrogen bonds form between the oxygen atoms of water and
ethanol molecules and the sulfur atoms of thiocyanate anions with H---S distances of 2.626 and

3.333 A respectively.

b. Solid-state structure of a Ni (II) complex

The binuclear compound [Ni2(Trz-E)s(NCS)4]-H20, designated as C8, was synthesized via a
slow diffusion method. This process involved reacting Nickel(Il) chloride with a methanol
solution containing equimolar amounts of Trz-A ligand and potassium thiocyanate (KNCS) at
ambient temperature, initially yielding a purple solution. Subsequent evaporation and
recrystallization through slow diffusion of ethanol into an aqueous solution produced purple
crystals of C7 with a 25% yield. C7 crystallizes in the triclinic P1 system, with its asymmetric
unit illustrated in Figure 16. The structure comprises two crystallographically distinct Ni(II) ions,
each coordinated to six nitrogen atoms: two from thiocyanate [NCS]™ anions, one from a terminal
monodentate Trz-A ligand, and three from bridging bidentate Trz-A ligands. These bridging
ligands facilitate the formation of the binuclear complex, with a free H2O molecule completing

the coordination sphere.

The symmetric arrangement of ligands results in identical nitrogen coordination for both
metal ions. This configuration is stabilized by six weak intramolecular C-H---N interactions,
with H---N distances of 3.072 A to the [NCS] anion's nitrogen and 2.934 A to the Trz-A ligand's
nitrogen. Table 11 presents the most relevant bond distances and angles for this complex,
providing detailed insight into its molecular structure. The metal centers in compound C7 display
noteworthy structural characteristics in their coordination environment. The octahedral geometry
around the Nickel centers shows subtle deviations from ideality. This distortion is most
pronounced in the N4-Co-N1 angle, which measures 174.714°, deviating from the expected 180°
in a perfect octahedron (Figure 16). The distortion is further emphasized by the presence of two
distinctly shorter Ni-N bonds involving the thiocyanate anions. These bonds measure 2.037 A
and 2.087 A, respectively, and stand in contrast to the longer Ni-N bonds formed with the Trz-A
ligands.
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Figure IV.16 ORTEP view of C8 with partial atom numbering (left). Hydrogen atoms are
omitted for clarity, except for those represented by small spheres participating in the
intramolecular C-H---N interactions (red dotted lines). Views along the uN2—uN4 axis (A),
Nil—uN9 axis (B) and Nil—Ni2 axis (C) showing the distortion of the two octahedral

geometries around the metal ions (right).

This variation in bond lengths contributes to the overall distortion of the octahedron,
resulting in a unique electronic and geometric environment around the Ni(I) centers. The
binuclear complex C8 maintains electrical neutrality through a balanced arrangement of charged
components. Four thiocyanate [NCS] anions counterbalance the positive charges of the two
Ni(Il) ions in each binuclear unit, resulting in a net neutral coordination compound. The
structure's binuclear nature is evidenced by the proximity of the cobalt centers, with a Nil---Ni2

distance of 3.821 A.

Intermolecular interactions, particularly hydrogen bonding, significantly influence the crystal
packing of C8. As illustrated in Figure VI.17, O-H:--S hydrogen bonds form between the oxygen
atoms of water molecule and the sulfur atoms of thiocyanate anions with H---S distances of

3.544 A.
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Figure 1V.17 Crystal packing of C8: View along the c-axis showing intermolecular O-H:--S
hydrogen bonding (red dashed lines).

IV.3.3 Coordination Polymers of Cu(Il) and Co(II) Complexes

I1V.3.3.1 One-Dimensional Coordination Polymer of the Complex [Co(dca)4(Trz-E);].MeOH

The complex [Co(dca)4(Trz-E)2].MeOH, abbreviated as C9, crystallizes as a one-dimensional
coordination polymer in the triclinic P-1 space group. The structure's fundamental unit comprises
a cobalt center (Col) with an octahedral coordination environment. This environment is
composed of two terminal monodentate Trz-E ligands, and four bridging bidentate dicyanamide
(dca) anions. Notably, the methanol molecule in the formula is not coordinated to the cobalt

center but exists as a solvate molecule within the crystal lattice.

The binding mode of the ligands plays a crucial role in defining the structure's extended
network. The Trz-E ligands coordinate to the Col atom through the nitrogen of their triazole
group, serving as terminal ligands. In contrast, the dicyanamide anions act as bridging ligands,

connecting adjacent cobalt centers.
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Figure IV.18 presents two views of the complex C9 structure: (A) An ORTEP diagram showing
the Trz-E ligand complexation, with selected atoms labeled. (B) A simplified representation of
the coordination spheres around Col and Cola. In view B, only the coordinating atoms are
shown in detail, while a hatched sphere represents the remainder of the ligand. Red dotted lines

indicate hydrogen bonds. All thermal ellipsoids are drawn at the 50% probability level.

This arrangement of ligands results in the formation of a one-dimensional network that
propagates perpendicular to the crystallographic a-axis. It's noteworthy that the cobalt centers are
linked exclusively through these dicyanamide bridges, with the Trz-E ligands remaining
terminal. The ligand structure shows an intramolecular hydrogen bond between the methanol and
the central nitrogen atom of the Trz-E ligand. The structural details of this complex, including

specific bond distances, are provided in Table 12.
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Figure 1V.19 illustrates two aspects of the C9 compound: Left: The packing arrangement of C9
molecules viewed along the ac plane. Right: A representation of the 1-D coordination network
formed by C9 in the ac planes, highlighting the extended structure of the compound. The atoms
are color-coded as follows: Cobalt (purple), Oxygen (red), Nitrogen (blue), Carbon (gray), and
Hydrogen (white).

These coordination networks are arranged in the packing via the formation of hydrogen
bonds including an uncoordinated methanol molecule per unit cell as well as the dicyanamide

molecules carried by the cobalt and the Trz-E ligands.

1V.3.3.2 Two-Dimensional Coordination Polymers of Cu(II) Complexes

a. Cu(Il) complex with the ligand 1,10-phenanthroline-5,6-dione

All used chemicals were reagent grade, procured from commercial sources, and used without

purification. The solvents were purified by standard procedures.

CuS04+5H20 (25 mg, 0.1 mmol), 1,10-phenanthroline-5,6-dione (21 mg, 0.1 mmol) and Nadca
(18 mg, 0.2 mmol) were dissolved in 20 mL of H2O/DMF (v/v, 3:1) and then the solution was
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sealed in a 25 mL Teflon reactor and kept under autogenous pressure at 403 K for 2 days. After
cooling to room temperature at a rate of 10 Kh™!, green crystals of compound 1 were obtained

(yield 44%).

In the structure of catena-poly[bis(dicyanamido)(1,10-phenanthroline-5,6-dione)copper(Il)],
[Cu(dca)2(Ci12HeN202)], abbreviated as C10, the Cu center adopts the usual (4+2) coordination
(Figure 21): the four equatorial Cu-N distances are clustered around 2.0 A, while the axial
distances are both in excess of 2.5 A (Table 13). Two differently bridged dca ligand are present.
Two of the equatorial sites are occupied by a pair of inversion-related dicyanamid ligands which
are coordinated via the terminal N atoms, thus generating an eight-membered ring (Figure 21);
such 8 membered rings, as schematically shown in Figure 20, are known in the literature, and a
CSD search (2023) has shown over 20 structures with a variety of metal ions [14]. The other two
equatorial sites are occupied by the bidentate 1,10-phenanthroline-5,6-dione, coordinated via the
N atoms. By contrast, the second dicyanamido ligand which bridges two Cu centers related by
translation along [001], in each case via one of the axial sites (Figure 21), but now both the
central N atom and one of the terminal N atoms are involved. This binding mode is rare and in

combination with the other mode even unprecedented to the best of our knowledge.

M

Figure 1V.20 Binding sites for metal ions on the dicyanamide anion, dca
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Cule

Figure IV.21 The structure of the compound C10 shows the different coordination modes of the
two dicyanamido ligands. Displacement ellipsoids are drawn at the 50% probability level and
the atoms marked with ‘a’, ‘b’ or ‘c’ are at the symmetry positions (X, y, -1 + z), (X, y, 1+ z) and

(1-x,1-y,1-2z), respectively.

The resulting coordination polymer takes the form of a ribbon ladder of spiro-fused rings, in
which 12-membered rings centered at (0.5, 0.5, 0.5 + n) alternated with 20-membered rings
centered at (0.5, 0.5, n), where n represents an integer in each case (Figure 22). Within the
ribbon, the shortest Cu---Cu distance along the chain is 6.661(3) A, while that across the 12-
membered ring is 7.063(3) A. Hence, there are two distinct modes of binding for the two
independent biscyanamide ligands: one forms double bridges between two metal centers, with
each using the two terminal N atoms, while the other employs one terminal N atom and the
central amidic N atom: the involvement of the central N is unusual although not hitherto

unknown [15].

Table 1V.13 Cu-N distances (A).

Cu-N1 1.9936 (12) Cu-N10 2.0103 (13)
Cu-N11 1.9545 (15) Cu-N15 1.9606 (14)
Cu-N21 2.5094 (13) Cu-N23F 2.7359 (14)

Symmetry codes: (i) 1 -x, 1 -y, I-z; (i) x,y, | +z
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There are two short intermolecular contacts involving C-H bonds (Table 14, Figure 22), but
both exhibit C-H:--X (X = N or O) angles less than 140°, and so cannot be regarded as being
structurally significant [16].

Table IV.14 Hydrogen-bond geometry (A, °)

D_H...A D_H H...A D...A D_H...A
C3-H3---N21ii 0.95 2.54 3.312(2) 139
C8-HS8:--O5" 0.95 2.36

Symmetry codes: (iii) x-1, y, z; (iv) x+1, -y+3/2, z+1/2.
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Figure IV.21 Part of the crystal structure showing the formation of a coordination polymer

ribbon running parallel to [001].

Figure IV.22 C-H:--N and C-H"--O hydrogen bond interactions in compound C10.
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There are four short contacts between N or O atoms and adjacent five and six-membered
rings (Table 15, Figure 23). The contact involving a pyridyl ring lies within the coordination
polymer ribbon, and so has no influence on the overall dimensionality for the structure. The other
two contacts both involve the quinonoid ring, which is far from being aromatic, as evidenced by
the long bond C5-C6, 1.548(2) A, linking the two carbonyl units. The two ribbons are linked by
C-O-- -7 stacking interactions involving the five-membered ring enclosing the Cu atom (Table 15,

Figure 23). These weak non-covalent interactions help to stabilize and establish a 2-D network.

Table 1V.15 Short C-N---x and C-O-- -7 contacts (A, °)

C-X---Cg X:--Cg C---Cg C-X---Cg
C24-N25---Cgl 3.571 (2) 3.171 (2) 87.00 (13)
C24-N25---Cg2! 3.360 (2) 3.496 (2) 87.00 (13)
C24-N25---Cg4 2.928 (2) 3.131 (2) 89.03 (14)
C6-06-+-Cgdil 3.118(2) 4.264 (2) 158.19 (16)

Symmetry codes: (i) x, y, -1+z; (ii) X, y, z; (iii) x, 1.5-y, -0.5+z
Cgl, Cg2 and Cg4 represent the centroids of the rings respectively [Cu(1)-N(1)-C(4B)-C(6B)-N(10),
[N(1)-C(2)-C(3)-(4)-C(4A)-C(4B)], [C(4A)-C(4B)-C(6B)-C(6A)-C(6)-C(5), respectively.

Figure 1V.23 C-N---w and C-O--‘m interactions in the structure in compound C10.
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b. Cu(II) complex with the ligand Trz-C
The complex [Cu(Trz-C)2(NCS)2], abbreviated as C11, forms a 2-D network structure that

crystallizes in two distinct forms within the centrosymmetric monoclinic system P2i/n,
depending on the crystallization conditions (Figure 24). Clla appears as brown crystals when
methanol diffuses into an acetone solution, while C11b forms green crystals when acetonitrile
diffuses into a DMF solution. Both structures comprise two bridging bidentate Trz-C ligands,
two bridging ambidentate thiocyanate anions, and a copper atom (Cul). The Trz-C ligands
coordinate to Cul via the triazole group's nitrogen atom and feature an intramolecular hydrogen
bond between the phenol group and the central nitrogen. Similarly, the thiocyanate anions
coordinate to Cul through both nitrogen and sulfur atoms. This coordination pattern links the

metal centers, creating the 2-D network. A selection of distances is shown in Table 16.

Figure 1V.24 The structure of Cl1a and C11b with partial atom numbering. Hydrogen atoms are
not included for clarity, except for the hydrogen atoms represented by small spheres participating

in O-H---N interactions (red dotted lines). The ellipsoids contain 50% of the electron density.
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Figure IV.25 Structure of C11 and simplified network describing its topology in the ac plane.
Hydrogen bonds are represented by red dotted lines (top), and Superposition of the complex
structure with the simplified network describing its topology viewed in the ab plane (bottom).

Atoms: Cu (light blue); S (yellow); O (red); N (blue); C (gray).
IV.4 Magnetic properties of binuclear Co(II) and Fe(Il) complexes

Magnetic property studies were conducted on complexes C2, C3, C5, C7and C9 using single-
crystal samples under a 10 kOe magnetic field. Complexes C2, C5, and C7 exhibit varying

140 |Page



Chapter 4

Unveiling Novel Coordination Complexes with Transition Metals

degrees of antiferromagnetic behavior, while C3 demonstrates spin-crossover properties. These
measurements, performed on high-quality crystals, provide insights into the relationship between
the molecular structures of these compounds and their diverse magnetic behaviors. The observed
antiferromagnetic interactions in three complexes and the spin-crossover phenomenon in C3

contribute to our understanding of magnetic properties in this class of materials.

IV.4.1 Cobalt (II)
IV.4.1.1 Binuclear Complexes

Complex C2, containing two Co(Il) ions, exhibits clear antiferromagnetic behavior as
revealed by magnetic susceptibility measurements conducted under a 10 kOe field from 300 K to
1.5 K. The room temperature ymT value aligns with expectations for two Co(Il) ions, but as the
temperature decreases, a continuous decline in magnetic susceptibility is observed. This
antiferromagnetic coupling between the Co---Co centers is evidenced by a sharp decrease in the
ymT product, which approaches zero at low temperatures. Further supporting this interpretation,
the magnetization plot displays an almost linear behavior with very low magnetization values at
high magnetic fields. These combined observations strongly indicate that the magnetic moments
of the cobalt ions align in opposite directions at lower temperatures, resulting in a diminished

overall magnetic moment for the complex.
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Figure IV.26 a) Plot of the ymT product as a function of temperature for compound C2; b)

Magnetization data as a function of the applied magnetic field.
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Complex C5 exhibits magnetic behavior similar to C2, as revealed by susceptibility
measurements conducted under a 10 kOe field from 300 K to 0 K. The ymT value at room
temperature aligns with expectations for two Co(Il) ions. The magnetic profile shows two
distinct phases: a gradual decrease in susceptibility from 300 K to 140 K, followed by a
pronounced drop to 0 K. This pattern, particularly the sharp reduction in ymT approaching zero
at low temperatures, strongly indicates antiferromagnetic coupling between the Co---Co centers.
Corroborating this interpretation, the magnetization data exhibits near-linear behavior with
minimal values at high fields. These observations point to a system where the cobalt ions'
magnetic moments increasingly oppose each other as temperature decreases, characteristic of

antiferromagnetic interactions.
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Figure IV.27 a) Plot of the ymT product as a function of temperature for compound CS5; b)

Magnetization data as a function of the applied magnetic field.

The complex C7 demonstrates magnetic properties closely aligned with those of C2 and CS5,
based on susceptibility measurements conducted under a 10 kOe field from 300 K to 0 K. The
room temperature ymT value corresponds to the expected value for two Co(Il) ions. The
magnetic susceptibility exhibits a biphasic behavior: a subtle decrease from 300 K to 150 K,
followed by a dramatic decline to 0 K. This pattern, particularly the sharp reduction in ymT
approaching zero at low temperatures, strongly indicates antiferromagnetic coupling between the
Co---Co centers. The magnetization data further supports this interpretation, showing an almost
linear relationship with notably low values at high magnetic fields. These observations
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collectively suggest that as temperature decreases, the magnetic moments of the cobalt ions

increasingly align in opposite directions, characteristic of antiferromagnetic interactions.
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Figure IV.28 a) Plot of the ymT product as a function of temperature for compound C7; b)

Magnetization data as a function of the applied magnetic field.

1V.4.1.2 One-Dimensional Coordination Polymer

The One-Dimensional Coordination Polymer C9 complex, ([Co(dca)s(Trz-E)2].MeOH),
exhibits field-induced slow magnetic relaxation characteristic of a single-molecule magnet
(SMM), arising from the interplay of significant magnetic anisotropy and the suppression of

quantum tunneling of magnetization (QTM).
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Figure IV.29 a) Plot of the ymT product as a function of temperature for compound C7; b)

Magnetization data as a function of the applied magnetic field.
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DC susceptibility measurements confirm an isolated high-spin Co(II) ion (S = 3/2) at room
temperature, with a decreasing ymT product upon cooling indicative of spin-orbit coupling, a
crucial factor in generating magnetic anisotropy in octahedral Co(Il) systems, as widely
documented in the literature [17-19]. This anisotropy, further corroborated by magnetization
measurements, is essential for establishing an energy barrier to spin reversal, similar to
observations in other mononuclear Co(Il) and Fe(Il) complexes exhibiting SMM-like behavior

[20].
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Figure IV.30 Frequency dependence of the out-of-phase AC susceptibility (x") under various
applied DC fields at 1.9 K (left), and Field dependence of the relaxation time (1) at 1.9 K

showing optimization at 130 mT

While no AC signal is observed under zero DC field due to dominant QTM, the application of a
DC field, optimally at 130 mT, effectively suppresses QTM, leading to the emergence of
frequency-dependent AC susceptibility signals, a hallmark of field-induced SMMs. This
behavior is consistent with the lifting of M, degeneracy by the applied field, hindering ground-
state QTM, as reported in related Co(II) and Fe(I) SMM studies [21-26].

The temperature dependence of the relaxation time at 130 mT, extracted from Debye fits,
reveals a non-linear Arrhenius plot, suggesting a combination of Direct and Orbach relaxation
processes, mirroring the behavior often observed in systems with multiple relaxation pathways
[18-27]. The extracted effective energy barrier (Ueff = 28(2) K) and pre-exponential factor (to =
1.2(6)x1077 s) align with values reported for field-induced mononuclear Co(I) SMMs.
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Figure IV.31 Frequency-Dependent Out-of-Phase AC Susceptibility (") of C9 complex at

Various Temperatures under Hpc = 130 mT

In summary, the magnetic behavior of C9 is characterized by field-dependent slow relaxation
of magnetization, driven by the synergistic effects of significant magnetic anisotropy and the
suppression of QTM by an applied DC field. This, coupled with the observed relaxation
dynamics involving both Direct and Orbach processes, firmly establishes C9 as a compelling

example of a field-induced mononuclear Co(I) SMM.
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Figure IV.32 Arrhenius plot of the relaxation time (In T vs. 1/T) under 130 mT DC field showing

Direct and Orbach contributions to the relaxation mechanism
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This study contributes to the expanding field of Co(II)-based SMMs, highlighting the
potential for designing and fine-tuning slow magnetic relaxation in molecular systems for

applications in molecular magnetism and spintronics [28].
IV.4.2 iron (II)

The magnetic susceptibility measurements of C3 were measured using a SQUID

magnetometer from 300 K to 10 K under an external magnetic field of 10 kOe, to study its SCO

behavior.
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Figure IV.33 The ymT vs. temperature graph, plotted at various temperature scan rates under a

10 kOe external magnetic field for Compound C3

For the C3 compound, the yMT product of 5.24 cm® K mol™ at 65 K does not correspond to a
mixture of high-spin (HS) and low-spin (LS) states for the two Fe(Il) sites, suggesting a
potentially incomplete spin crossover. Furthermore, the hysteresis shape closely resembles the
behavior observed when the metastable HS* state, present at low temperatures, overlaps with the
stability region of the hysteresis loop [29-34]. To investigate the occurrence of kinetic trapping
of the metastable HS state, two experiments were conducted. In the first experiment, the thermal
spin crossover was recorded at varying temperature scan rates, ranging from 0.5 K/min to

10K/min (Figure 33).
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Figure 1V.34 (a) Evolution of the yMT product of C3 at 75 K as function of time ( V; inset) and
consecutive thermal cycle (-); (b) thermal dependence of the yMT product of C3 recorded at 0.5
K/mn under a 10 kOe external magnetic field before thermal quenching (-) and after thermal

quenching (TIESST) (-).

It was observed that faster temperature scan rates resulted in a greater residual HS population
at low temperatures, a clear indication of kinetic trapping of the HS metastable state [29-36].
This was further confirmed by monitoring isothermal relaxation kinetics at 75 K after rapidly
cooling the sample at 10 K/min (Figure 34a). Initially, the yMT product decreased exponentially
from 5.75 to 4.16 cm® K mol™" over twelve hours. Beyond this point, the relaxation appeared to
reach a plateau, indicating a long-lived state. Notably, the final yMT value of 4.16 cm* K mol™
was lower than that observed during slow cooling at 0.5 K/min and closely matched the value
expected for one Fe(Il) site in the HS state. This finding confirms that only one Fe(Il) site
undergoes a spin crossover. Upon cooling and heating, a transition curve with a switching
temperature of approximately 87 K was recorded for the active Fe(II) site, likely without any

associated hysteresis.

The second experiment aimed to probe kinetic trapping by rapidly cooling the sample to 10 K
to maximize the quenching of the HS* state (Figure 34b). This approach relates to Thermally
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Induced Excited Spin-State Trapping (TIESST) [35]. At 10 K, TIESST did not appear to be
effective. However, when warming the sample at 0.5 K/min to record the T(TIESST) curve, a
distinct difference was observed compared to the thermal spin crossover curve recorded at the
same scan rate. The T(TIESST) curve increased to 5.82 cm?® K mol™ at 65 K, exhibited a
T(TIESST) temperature around 75 K, reached a minimum at 82 K, and then increased again,
eventually overlapping with the thermal spin crossover curve. This behavior is characteristic of
the overlap between the stable HS state above the spin crossover temperature and the metastable

HS* state below it [29-32].

conclusion

The findings of this chapter underscore the versatility of 1,2,4-triazole-based Schiff base
ligands in forming diverse coordination complexes with transition metals. These complexes
exhibit a rich array of structural and magnetic properties, driven by the interplay of metal-ligand
interactions and crystallographic arrangements. The study not only enhances the understanding
of transition metal coordination chemistry but also highlights the potential of these materials for
applications in molecular magnetism, catalysis, and materials science. Future work could explore
the tuning of ligand frameworks to achieve targeted functionalities and expand the scope of their

industrial and technological applications.
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General Conclusion

This thesis embarked on a journey to explore the intricate world of multifunctional molecular

materials, focusing on the design, synthesis, characterization, and theoretical understanding of

novel 1,2,4-triazole-based Schiff base ligands and their transition metal complexes. By bridging

the fields of corrosion inhibition and molecular magnetism, specifically SCO and slow magnetic

relaxation, this research aimed to develop and investigate compounds possessing both switchable

magnetic properties and the ability to protect metals from degradation.

The research presented in this thesis yielded several significant outcomes:

1.

Successful Design, Synthesis, and Characterization of Novel Ligands and Metal
Complexes: Employing meticulous synthetic procedures, a series of novel 1,2,4-triazole-
based Schiff base ligands were successfully designed and synthesized. These ligands were
subsequently used to prepare a diverse range of metal complexes, including one- and two-
dimensional coordination complexes with Cu(Il), Co(Il), Fe(Il), and Ni(Il).
Comprehensive characterization using techniques such as X-ray crystallography confirmed
the successful formation of the synthesized compounds.

Comprehensive electrochemical studies demonstrated the exceptional corrosion inhibition
capabilities of newly synthesized triazole-based Schiff base compounds (Trz-C, Trz-D, and
Trz-E) for XC48 carbon steel in acidic media. Multiple analytical techniques, including
gravimetric measurements, potentiodynamic polarization, and electrochemical impedance
spectroscopy (EIS), revealed that the inhibition efficiency increases proportionally with
inhibitor concentration, with Trz-C emerging as the most effective compound.
Temperature-dependent analyses suggested that the primary protection mechanism
involves physisorption of the inhibitor molecules onto the steel surface. Scanning electron
microscopy (SEM) provided direct evidence for the formation of a protective molecular
film, confirming the proposed inhibition mechanism.

Detailed quantum chemical calculations using density functional theory (DFT) revealed
crucial insights into the electronic properties and molecular behavior of the synthesized
ligands and their complexes. The analysis encompassed frontier molecular orbital energies
(HOMO-LUMO), electronic energy gaps, and molecular electrostatic potential

distributions, providing a theoretical framework to understand the observed corrosion
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inhibition efficiencies. The computational results aligned closely with experimental
observations, validating the integrated experimental-theoretical methodology and offering
predictive capabilities for molecular design. This theoretical investigation established clear
structure-property relationships, enabling rational design strategies for enhanced
performance in future applications.

4. The synthesized metal complexes exhibited diverse magnetic behaviors correlated with
their structural characteristics. Binuclear Co(II) complexes (C2, C5, C7) demonstrated
antiferromagnetic coupling, while the one-dimensional coordination polymer (C9) showed
field-induced slow magnetic relaxation typical of SMM. The binuclear Fe(Il) complex (C3)
displayed scan-rate dependent spin crossover behavior, indicating kinetic trapping of
metastable high-spin states. Single-crystal X-ray diffraction analyses revealed crucial
structural features, including coordination geometries and intermolecular interactions, that
govern these magnetic properties. The detailed crystallographic characterization provided
fundamental insights into magnetic exchange pathways, anisotropy, and relaxation

mechanisms in these complexes.

In essence, this doctoral research has made significant strides in advancing our understanding of
the design principles and structure-property relationships governing the behavior of
multifunctional molecular materials. By seamlessly integrating cutting-edge experimental
techniques with state-of-the-art theoretical methodologies, this work has paved the way for the
development of next-generation materials with tailored properties, addressing critical challenges
in diverse technological domains, ranging from corrosion mitigation to molecular electronics and
data storage. The findings presented herein provide a solid foundation for future investigations
into the fascinating interplay between molecular structure, electronic properties, and macroscopic

behavior in advanced materials.
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Table 1. Crystallographic data and refinement parameters for compound 1
Identification code Compound(1)
Formula CisH16NsO2
Deale./ g cm™ 1.379
4 /mm’! 0.097
Formula Weight 376.39
Size/mm’® ? x?x?
T/K 300(2)
Crystal System monoclinic
Space Group P2i/n
a/A 5.15070(10)
b/A 28.8569(10)
c/A 12.1988(4)
al® 90
B1° 91.5650(10)
y/° 90
V/A3 1812.47(9)
4 4
VA 1
Wavelength/A 0.71073
Radiation type MoK«
@min/o 2.697
Ohmax/° 30.600
Measured Refl's. 61069
Indep't Refl's 5580
Refl's I>2 o (I) 3930
Rint 0.0679
Parameters 261
Restraints 0
Largest Peak 0.181
Deepest Hole -0.237
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Identification code Compound(2)
Formula C9H7BI'N4O
Deale./ g cm™ 1.701

4 /mm’! 3.930
Formula Weight 266.10
Size/mm? 7 x7 x?
T/K 298(2)
Crystal System monoclinic
Space Group P2i/¢c

a/lA 13.609(8)
b/A 10.428(6)
c/A 7.348(5)
al® 90

B° 94.63(3)
y/° 90

V/A? 1039.3(11)
Z 4

VA 1
Wavelength/A 0.71073
Radiation type MoK,
Onmin/° 2.464
Ohmax/° 30.499
Measured Refl's. 30256
Indep't Refl's 3149

Refl's I>2 o (I) 2005

Rint 0.0683
Parameters 137
Restraints 0

Largest Peak 1.586
Deepest Hole -1.200

Table 2. Crystallographic data and refinement parameters for compound 2
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Table 3. Crystallographic data and refinement parameters for compound 3

Identification code Compound(3)
Formula C9H7N4BI‘1
Deate./ g cm™ 1.761

4 /mm’! 4.799
Formula Weight 251.08
Size/mm’ ? X7 %9
T/K 300(2)
Crystal System orthorhombic
Space Group P2:2,2,
alA 3.9578(3)
b/A 11.2674(9)
c/A 37.981(3)
al® 90

B 90

y/° 90

V/A3 1693.7(2)
V4 4

VA 1
Wavelength/A 0.71073
Radiation type MoK
Onin/® 2.102
Ohmax/® 30.588
Measured Refl's. 24269
Indep't Refl's 5200
Refl's I>2 o (I) 3814

Rint 0.0296
Parameters 217
Restraints 0

Largest Peak 0.509
Deepest Hole -0.415
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Table 4. Crystallographic data and refinement parameters for compound 4

Identification code Compound(4)
F ormula C10H10N4
Deae./ g cm™ 1.210

4 /mm’! 0.078
Formula Weight 186.21
Size/mm?® ? X2 x?
T/K 298(2)
Crystal System trigonal
Space Group R-3

a/A 34.198(10)
b/A 34.198(10)
c/A 4.5405(18)
al® 90

B 90

y/° 120

V/A? 4599(3)

V4 6

VA 0.333333
Wavelength/A 0.71073
Radiation type MoK
Onmin/° 2.382
Onmax/® 33.821
Measured Refl's. 31321
Indep't Refl's 4060
Refl's I>2 o (I) 2382

Rint 0.0781
Parameters 128
Restraints 0

Largest Peak 0.691
Deepest Hole -0.310
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[Cu(Trz-A)2(NCS),]

Table 5. Crystallographic data and refinement parameters for compound 5

Identification code Compound(5)
Formula C20Hi6CuN10S>
Deate./ g cm™ 1.580

4 /mm’! 1.213

Formula Weight 524.09
Size/mm?® 0.25x0.04%0.02
T/IK 295.02)
Crystal System monoclinic
Space Group P2,

a/A 5.6095(11)
b/A 14.205(3)

c/A 13.952(3)

al® 90

pr 97.74(3)

y/° 90

V/A® 1101.5(4)

Z 2

Z 1
Wavelength/A 071073
Radiation type MoKa

Ohi/” 2.868

Onax/ 28.340
Measured Refl's. 24070

Indep't Refl's 5502

Refl's 22 o (1) 4065

Rin 0.0703
Paramgters 299

Restraints )

Largest Peak

Deepest Hole 0(')32659
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[Cox(Trz-D)s(NCS)s]-DMF

Table 6. Crystallographic data and refinement parameters for compound 6

Identification code Compound(6)

Formula C52H42B1‘5C02N2584O
Deate./ g cm™ 1.504
1 /mm™! 3.289
Formula Weight 1678.70
Size/mm® ? X7 X?
T/K 301(2)
Crystal System monoclinic
Space Group C2/c
a/A 20.1648(7)
b/A 18.7782(6)
c/A 19.6113(7)
al® 90
Br° 108.730(2)
y/° 90
V/A? 7032.7(4)
Z 8
VA 1
Wavelength/A 071073
Radiation type MoKa
Ohin” 2.431
Ohax/ 25.714
Measured Refl's. 101864
Indep't Refl's 6683
Refl's 22 o (1) 4534
Rin 0.0753
Parameters
Restraints 483
Largest Peak 706
Deepest Hole 2817
-0.715
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Table 7. Crystallographic data and refinement parameters for compound 7

Identification code Compound(7)
F ormula C52H42B1‘5F62N25 S4O
Deate./ g cm™ 1.470

4 /mm’! 3.156
Formula Weight 1672.53
Size/mm’ ? x? x9?
T/K 301(2)
Crystal System monoclinic
Space Group C2/c

a/A 20.413(9)
b/A 18.865(8)
c/A 19.744(8)
al® 90

B 108.766(12)
y/° 90

V/A? 7199(5)

Z 8

VA 1
Wavelength/A 0.71073
Radiation type MoK,
Onmin/° 2.419

Ohmax/® 26.359
Measured Refl's. 110573
Indep't Refl's 7330

Refl's 22 o (1) 4522

Rint 0.0961
Parameters 488
Restraints 706

Largest Peak 3.452
Deepest Hole -0.639
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[Ni2(Trz-D)s(NCS)4]- DMF
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Table 8. Crystallographic data and refinement parameters for compound 8

Identification code Compound(8)
F ormula C52H42BI‘5Ni2N25$4O
Deate./ g cm™ 1.521
u/mm’! 3.392
Formula Weight 1678.22
Size/mm?® 7 X7 x?

T/K 301(2)
Crystal System monoclinic
Space Group C2/c

a/A 19.9650(12)
b/A 18.7714(11)
c/A 19.6130(10)
al® 90

Br° 108.9470(10)
y/° 90

V/A3 6952.1(7)

Z 8

VA 1
Wavelength/A 0.71073
Radiation type MoK ,

Ohmin/° 2.950

Ohmax/° 24.756
Measured Refl's. 67975
Indep't Refl's 5894

Refl's 22 o (1) 3822

Rint 0.0953
Parameters 488
Restraints 712

Largest Peak 2.455
Deepest Hole -0.891
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[Co2(Trz-E)s(NCS)4]

Identification code Compound(9)
Formula C54H50C02N24S4
Deate./ g cm™ 1.277
u/mm’! 0.677
Formula Weight 1281.26
Size/mm? 7 %7 x?
T/K 299(2)
Crystal System triclinic
Space Group P-1

a/A 11.9476(6)
b/A 14.1611(7)
c/A 21.3278(9)
al® 75.1160(10)
B 74.7880(10)
y/° 78.4840(10)
V/A® 3331.2(3)
Z 31

VA 15.5
Wavelength/A 0.71073
Radiation type MoK ,
Ohmin/° 2421

Ohmax/° 24.796
Measured Refl's. 195001
Indep't Refl's 11432
Refl's 22 o (1) 9635

Rint 0.0905
Parameters 1168
Restraints 1792
Largest Peak 0.566
Deepest Hole -0.439

Table 9. Crystallographic data and refinement parameters for compound 9
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Appendix

[Niz(Trz-E)s(NCS)4].H20

Table 10. Crystallographic data and refinement parameters for compound 10

Identification code Compound(10)

Formula C54H52C02N24S4O
Deate./ g cm™ 1.302
u/mm’! 0.754
Formula Weight 1298.80
Size/mm?® ? X2 x?
T/K 301.00
Crystal System triclinic
Space Group P-1

a/lA 11.9313(16)
b/A 14.100(2)
c/A 21.213(3)
al® 75.313(5)
B 74.908(4)
y/° 77.890(5)
V/A3 3293.3(8)
Z 2

VA 1
Wavelength/A 0.71073
Radiation type MoK,
Onmin/° 2.244
Onmax/® 24.799
Measured Refl's. 143403
Indep't Refl's 11297
Refl's 22 o (1) 8860

Rint 0.0646
Parameters 1147
Restraints 2582
Largest Peak 0.790
Deepest Hole -0.584
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[Cox(Trz-E)s(NCS)4]-H,0-EtOH

Table 11. Crystallographic data and refinement parameters for compound 11

Identification code Compound(11)
Formula C51H46C02N24S402
Deate./ g cm™ 1.344
u/mm’! 0.739
Formula Weight 1273.19
Size/mm? 7 x7 x?
T/K 301(2)
Crystal System triclinic
Space Group P-1

a/A 11.6399(7)
b/A 13.4074(7)
c/A 21.3764(10)
al® 93.570(2)
B 104.569(2)
y/° 107.586(2)
V/A® 3043.1(3)
Z 2

VA 1
Wavelength/A 0.71073
Radiation type MoK,
Ohmin/° 2.337

Ohmax/° 26.493
Measured Refl's. 186517
Indep't Refl's 12536
Refl's 22 o (1) 9741

Rint 0.0558
Parameters 729
Restraints 0

Largest Peak 0.887
Deepest Hole -0.826
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[Niz(Trz-E)s(NCS)4]-H20

Table 12. Crystallographic data and refinement parameters for compound 12

Identification code Compound(12)
Formula C49H42Ni2N24S4O
Deale./ g cm™ 1.351

4 /mm’! 0.819
Formula Weight 1253.17
Size/mm’ 7 X7 x?
T/K 299(2)
Crystal System triclinic
Space Group P-1

alA 11.6793(5)
b/A 13.3193(6)
c/A 21.3078(9)
al® 92.343(2)
B° 105.326(2)
y/° 107.827(2)
V/A3 3016.4(2)
V4 2

VA 1
Wavelength/A 0.71073
Radiation type MoK,
Onin/® 2.332
Omax/° 28.332
Measured Refl's. 189338
Indep't Refl's 15018
Refl's I>2 o (I) 9186

Rint 0.0865
Parameters 719
Restraints 0

Largest Peak 1.118
Deepest Hole -0.560
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Appendix

[Co(dca)4(Trz-E)2].MeOH

Table 13. Crystallographic data and refinement parameters for compound 13

Identification code Compound(13)
Formula C29H24CON200
Deale./ g cm™ 1.402

4 /mm’! 0.665
Formula Weight 584.81
Size/mm’ ? %7 x?
T/K 300(2)
Crystal System triclinic
Space Group P-1

alA 7.3228(3)
b/A 9.1267(5)
c/A 10.8659(6)
al® 82.884(2)
B° 84.182(2)
y/° 74.435(2)
V/A3 692.41(6)
V4 1

VA 0.5
Wavelength/A 0.71073
Radiation type MoK
Onin/® 2.328
Omax/° 31.575
Measured Refl's. 52439
Indep't Refl's 4575
Refl's I>2 o (I) 3149

Rint 0.0882
Parameters 197
Restraints 0

Largest Peak 1.224
Deepest Hole -0.641
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Appendix
[Cu(Trz-C)2(NCS):]
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Table 14. Crystallographic data and refinement parameters for compounds 14a and 14b

Identification code Compound(14a) Compound(14b)
Formula C22H14B1‘2CU2N1202S4 C22H14B1‘2CU2N1202S4
Deate./ g cm™ 1.906 2.032

4 /mm’! 4.713 5.025

Formula Weight 893.59 893.59
Size/mm’® 0.32x0.04%0.04 0.21x0.03%0.02
T/K 295.0(2) 295(2)

Crystal System monoclinic monoclinic
Space Group P2i/n P2i/n

a/A 14.051(3) 13.6394(8)
b/A 6.0591(12) 6.6669(4)

c/A 24.293(5) 15.0103(9)

al® 90 90

B/° 139.08(3) 111.414(3)

y/° 90 90

V/A3 1354.6(7) 1270.70(13)

Z 4 4

VA 1 1

Wavelength/A 0.71073 0.71073
Radiation type MoK, MoK,

Onmin/° 2.560 2.531

Onmax/® 32.041 32.068
Measured Refl's. 44099 46913

Indep't Refl's 4681 4411

Refl's 22 o (1) 2909 3292

Rint 0.0810 0.0699
Parameters 173 173

Restraints 0 0

Largest Peak 1.198 0.876

Deepest Hole -0.815 -0.726
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Abstract

This thesis explores multifunctional materials based on 1,2,4-triazole-derived Schiff base
ligands and their transition metal complexes, with a particular focus on corrosion inhibition and
magnetic properties. Notably, the synthesized ligands exhibited remarkable corrosion inhibition
for XC48 CS in acidic media, achieving efficiencies up to 80.00%. To understand this behavior,
structure-property relationships were elucidated, highlighting the importance of molecular design
in achieving effective protection. Furthermore, a series of novel mono- and binuclear complexes,
along with coordination polymers, were synthesized using Cu(II), Co(II), Ni(II), and Fe(II) ions.
Detailed structural insights into these complexes were obtained through X-ray diffraction studies.
Importantly, magnetic studies revealed a diverse range of behaviors, including antiferromagnetism,
slow magnetic relaxation characteristic of SMM behavior, and SCO. Moreover, DFT calculations
supported the experimental findings, providing further insight into the electronic structure and

reactivity of these compounds.

Keywords : triazole, DFT, spin-crossover, SMM, corrosion inhibitor, X-ray diffraction
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